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FOREWORD

" "This report describes the research effort of the Data However, in order to maintain consistency with the
- Systems Division of Litton Industries, Inc., under Con- wording of the contract, the term AFAADS has been

tract No. DAAG05_-7.-032R, with the U.S. Dep,,t. used uniformly in the present report. The reader
ment of the Army, Frankford Arsenal. The objective should remain aware of the fact that we are dealing
was to perform a parametric study of the fire control here only with the antiaircraft gun system. which in

-. system to be associated with the Advanced Forward turn is an element of the complete system for the
* Area Air Defense (AFAADS) Weapon System. forward air defense of the Army.

The original RFP, to which this contractual effort is -The report is included in two volumes., Volume 4
.. responsive, was titled 'Parametric Study, Advanced comprises the analyses and conclusions derived from

Forward Area Air Defense Weapons System an in-depth study. by Mr. Herbert K. Weiss. Also
* . (AFAADS),' and called for studies specific to an anti- provided therein are descriptions of the AFAADS

aircraft gun system based on a weapon having the System Concept as well as characteristics of AFAADS
same general characteristics as the 37mm Gatling Gun. and its environment.:

. In the intervening time, since the 3 May 1968 date Volume II describes a computer simulation model
of issue of the RFP, the Army generalized the use of used to provide the capability of predicting the per-

. - the acronym 'AFAADS' to include all elements of the formance of proposed (or existing) antiaircraft gun
forward area air defense of the Army, including mis- systems against an aircraft in a one-to-one combat
siles. At the present time, it appears that the effort situation. Results of this effort by Mr. Martin P. Gins-
contracted for could more properly be called berg were used to derive recommended configurations
"LOFADS,' Low Altitude Forward Area Air Defense. and conclusions as presented in Volume I.

v/v i
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SECTION I
INTRODUCTION

In spite of the advent of surface to air missiles, the to 5 were seriously damaged.
antiaircraft gun has maintained an important position Since the gun must aim ahead of the aircraft at a
in air defense operations. predicted position, the competition between gun and

In Korea the U.S. Air Force lost 550 aircraft to aircraft can be displayed in simplified form as a com-
enemy antiaircraft guns and only 140 to enemy air- petition between aircraft speed and projectile velocity.
craft. In Vietnam, according to newspaper reports,' by The growth in aircraft speed at sea level, and of gun
August 1970 the United States had lost 1736 helicop- velocity with time is shown in Figure I-I. The ratio of
ters to enemy action while in flight, and 1388 fixed- the two velocities represents the lead angle which must
wing aircraft were brought down by enemy action be generated by the fire control computer, and this has
while in flight. Only a very small number of these in fact increased steadily with time, but much more
losses was to enemy surface to air missiles and aircraft. slowly than the increase in target velocity at sea level.

The helicopter, because of the nature of its opera- In spite of the demonstrated effectiveness of antiair-
tions, is often exposed to enemy small arms fire, and craft guns, and the continued improvement and poten-
many of the helicopter losses were probably to small tial of antiaircraft gun systems, their development
arms. The fixed-wing aircraft, however, were shot suffered a hiatus in the United States with the advent
down by enemy automatic weapons and antiaircraft of the surface to air guided missile. The. usual limited
guns, in spite of their high speeds and probable use of funds, coupled with the apparent very high potential
countermeasures. of missile systems, caused the development of im-

proved gun systems to be almost dormant for theLooking at the record of antiaircraft guns and auto- period from 1950 to 1970.

matic weapons since 1915, as shown in Table 1-1, the

remarkable way in which the guns have kept pace with During this period, development of gun systems
aircraft development will be noted. The table does not continued in France, Russia, Sweden, Switzerland, and
show the tremendous repair burden imposed by anti- West Germany. This development resulted from an
aircraft, since for every aircraft destroyed by frag- early appreciation of the problems the missile systems
menting projectiles about 20 were damaged and for would have against very low flying aircraft, and the
every aircraft destroyed by an impacting projectile, 3 likelihood that effective SAMs would drive aircraft to

Table I-1. Aircraft Losses to Flak and Fighters

Losses to Number of Defending

Date Losses by A/C Flak Joint Opns AA L/AA AAMG Fighters

1915-16 Zeppelins 7 3 - 70-- 110

1917.18 Gothas 10 It 9 33 ",------480 - 384

1915-18 German A/F 2000 400 1340

1916-18 Allied A/F 4842 1590 - 2576 - 900 1530

1940 Luftwaffe 986 357 390 1.280 695 2,930 700

1944-45 V-1 1847 1878 3004 800 1800 300

1942-45 USAAFE. MTO 6800 7821 3797 12.170 4680 14.710 2000

!944-45 11-29 58 48 29 79 1.250 550

1950-53 USAF 140 550 68 810 750 1500 11 M)
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Figure 1 -1 Increase in Target and Gun Velocity with Time

very low altitudes. Although missile systems can be gram of the Army Weapons Command, in which a
tbuilt to meet the low altitude threat. ferrain limitations large number of candidate gun systems were compared
require very large numbers of fire units to cover the on an overall cost-effectiveness basis. Contractual sup-
Army's forward area, and the required proliferation of port on the overall model was provided by the Univer-
missile systems can he more costly than gun systems, sity of Michigan. The sensor, weapons, and cost char-
yet provide no better coverage of a zone where the gun acteristics developed in the Weapons Command pro-
is effective. gram were not made available to Litton. However, a

The Army's recognition of the renewed potential of description of the University of Michigan air defense
The gun ys recogwithon low altite missiledepoenseal of simulation was made available, and many of the con-

the guns mompared hith low altitude missile defense, cepts developed in it were adapted for the simulationonce the medium and high altitude missile defense has used in the present contract. "
driven aircraft to very low altitudes. led to the
AFAADS program, and in particular, to the present Tn,: present study explores the design options and
contract, the objective of which is 'to make a prelimi- parameters of the fire control system in greater detail
nary determination of the parametric characteristics of than was possible in the AFAADS top level, system
the fire control system to be associated with , . . an comparisons. Although the weapon used for reference
Advanced Forward Area Air Defense (AFAADS) in the present study was the 37mm Vigilante Gatling -

Weapon System.' Gun, the analysis, methodology, and the computer

The present et~rt. emphasizing the tire control sys- simulation are completely general, and can be appliedThe resnt ffbt, mphsizig te fre ontol ys- to any predicted fire weapon.
tern aspects of AFAADS. supports a much larger pro. t

1
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WHAT'S NEW? ers in both the optical and infrared bands. Automatic

Before presenting the findings of this study. a few of tracking is possible with all of these devices. The laser

the principal changes in the antiaircraft problem and provides accurate range under all conditions and ha.

the technology for its solution that have occurred over applications to imaging trackers as well.

the past 20 years will establish a context. Some of these The greatest breakthrough has been in the develop.
are listed as follows: n'ent of military-qualified digital computers which can

STFprovide a computing capability in very small volume
that is so great that is is not an exaggeration to say

Helicopters that any prediction algorithm that can be conceived
Terrain Following and demonstrated to be desirable, can be implemented
Stand-Off ASMs in a digital computer. within available space limita-
'Free-Maneuver' Bombsights tions on the gun mount. This capability is associated

AAA Systems Depressing SAM Cover with reliability expressed as several thousands of hours
Sensors between failures, and mean times to repair of the order
Computer Capability of minutes.
Gun Performance Servomechanisms for positioning sensors and gun

Targets are faster, the helicopter has become opera- have improved steadily in response time. and high
tional in large numbers, aircraft can follow the con- recision 'gearless drives' are operational.
tours of the terrain at night and in bad weather, air to p
ground guided munitions exist, and air to ground fire The rate of fire achievable with the Gatling Gun has
control systems have been reported which do not re- always been high. and weapon performance benefits
quire the aircraft to fly a straight line path segment. from the progressive improvement associated with

Favoring the antiaircraft gun is the appearance of increasing muzzle velocity.
surface to air missiles, which drive targets to low
altitude within range of the gun. better sensors, and The only component of the system that has not
the extremely versatile digital computer. Sensors in- improved with time has been the man. who still has
clude K-band radars which are small, compact. and the same visual acuity and response time that he had
emit narrow beams with small reflectors; and by using in World War I antiaircraft operations. Consequently,
frequency agility, track more accurately and to lower a principal concern in realizing the advantages of
angles and are resistant to ECM. Night tracking in fair improved technology in an air defense system is the
weather can he accomplished by conventional 'hot- design of the system so that it is not constrained by the
spot' infrared trackers, and by modern imaging track- limitations of the man.
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SUMMARY

The report contains a large number of conclusions most of the effective firing envelope of the Vigi-
and recommendations, associated with each topic lante gun is lost.
treated. In particular some 44 options with regard to d. Ideally, the human operator would have onlyfire control algorithms, tracking modes, and hardware decision functions, consisting of veto power on
design trade-offs are presented and discussed in Sec- the automatic operation of the system.
tion 6. Recommended Configurations.

2.1.4 Fire Control System
In the present section we summarize some of the

principa! conclusions and provide a brief overview of a. A number of alternate prediction options have
the contents of the report. 'The conclusions are stated been identified, each of which is preferred for a
in absolute form, for clarity, rather than hedging them particular category of target flight path.
with conditions. Their basis, and appropriate reserva- b. The ability of a computer to automatically select
tions will be found in the report. a preferred algorithm and deliver appropriate

2.1 CONCLUSIONS gun orders without requiring additional settling
time has been demonstrated. This algoiithmit

A summary of the principal corclusions are pre- switching may take place several times during a
sented in the following paragraphs. target pass.

2.1.1 General c. Among the new prediction algorithms which
anhave been developed and demonstrated on thea. Modern antiaircraft guns have potential of simulation are:delivering highly effective fire against low flying

r targets which is relatively unexploited by existing (I) Correction for target acceleration in a dive
fire control systems. based on a 'constant total energy' concept.

b. This potential can be realized in guns of Vigi- (2) Algorithm for defense of a known point, in
lante caliber only by providing satisfactory target which the prediction makes use of the known
detection and acquisition means, accurate track- position of a small, vital ground target that is
ing and ranging information, a precise solution being defended.
to the prediction problem, and by effective sys- d. The ability of the computer to use an algorithm
tem calibration and alignment in the field. The correcting for target rate of turn•, without degrad-
AFAADS system should be designed to deliver ing performance against non-turning targets. has
precisicn fire, rather than as a shot gun. been demonstrated.

2.1.2 Automation e. The ability of the computer to switch automati-

The principal effect of increased target speed is to cally between quadratic and linear prediction
reduce target exposure time. This requires that the against a target path composed of both jinking
time, from target detection to firing, be reduced to a and straight line segments has been demon-
degree only attainable by automation. Once the target strated. with resulting effectiveness greater thandegre oly ttanabe b autmaton.Onc th tagetwith either mode used alone.
has been detected, the tracking sensors should be put
on target automatically. F. The feasibility, stability. and effectiveness of a

regenerative tracking algorithm has been demon-
2.1.3 Human Operator strated.

a. The man cannot perform effectively in the track- g. Highly effective performance over a wide range
ing function unless he is assisted by regenerative of assumed tracking errors was demonstrated
tracking. With optical magnification in his sight with 1.8 second data smoothing time. With the
he has the potential, still to be demonstrated, of best radar tracking considered to be reasonably
tracking as well as the best automatic tracking attainable, effective performance was demon-
sensors. strated with 0.4 second smoothing.

b. The man cannot adequately perform the initial h. Smoothing time should preferably be a function
detection and target acquisition function, even of time of flight. This is probably most easily
with improved RAID information, achieved by a recursive algorithm.

c. The man cannot identify targets visually until i. Design of the regenerative tracking circuits and
they have approached to such a close range that the filters for the prediction function should be

2-1



carried out as an integrated operation. The re- tile drag coefficient reduced. Continued improve-
sulting optimum weights applied for regenera- ment in effectiveness is anticipated as these val-
tion and prediction may, however, not be identi- ues are improved above the best values consid-
cal. ered in this study. The interaction with projectile

j. The regeneration algorithms should provide the terminal effectiveness must be considered.
capability of maintaining a continuous solution c. With improved muzzle velocity and ballistics, it
based on intermittent, irregular, inputs of actual will be possible to deliver effecti.': fire against air
or estimated range. Algorithms to do this are targets beyond 4000 meters range.
described in the report.

k. A rectangular coordinate system appears to pro- 2.1.10 Hardware Considerations
vide the smallest total number of required coor-
dinate transformations in implementing the ar- a. The desired flexibility in utilization of prediction
ray of prediction algorithms considered to be options can be attained with current state of the
desirable. art in digital computers. The high reliability and

low maintenance costs of a digital computer are2.1.5 System Error Budget expected to result in lower life cycle costs and
The dynamic instrumental errors of the AFAADS higher availability than an analog solution of

system should not exceed root mean square values of 2 equal capability.
meters out to 2000 meters slant range, nor 2 mils
beyond 2000 meters start range. Dynamic instrumental b. The problems of the effects of gun shock and
errors are defined as overall errors against a 600-knot vibration on the tracking process while the
unaccelerated target. with zero tracking errors, and mount is stationary, and the effects of rolling and
excluding gun and ammunition dispersion. pitching of the mount and vehicle when firing on

the move, can be solved by a stabilized line of
2.1.6 Dynamic Calibration sight. Complete stabilization of the system, in- . -

To achieve the maximum operational effectiveness. eluding the guns, is probably not necessary.
the system must have integral means for both static ""
and dynamic calibration in the field by methods simple ction. RadarConsidetracking is requiredof dishsizeallweather perawidth
enough so that the system can be checked out by its indicate a K-band radar. The provision of fre-
crew without special equipment. A method for dy- quency agility will reduce the angle and range
namic calibration is described in the report, tracking errors caused by glint and multipath
2.1.7 Artificial Dispersion effects and increase resistance to countermea-

With the instrumental errors indicated above, and sures.
dynamic calibration, 'optimum' dispersion under nor- d. If radars are used on the AFAADS mount. they
mal operating conditions will be only 2 or 3 mils. For Iad are use onte aA m outthe y
those infrequent cases where increased dispersion is may have the shortest mean time between fail-
desired, such as operation in a degraded system mode, ures. torgest times to repair, and highest support init soul beproucedby ithrin thegunseroscosts of all the system hardware components, in
it should be produced by dithering the gun servos. part because of the severe vibration and shock
2.1.8 Ballistic Solution environment, unless they are designed to over-

a. A correction for the effect of wind on the trajec- come the environmental problems. Radar devel- -

tory should be incorporated. opments for AFAADS should include special
funding for high reliability, low maintenance --

b. Time of flight should be computed to 0,005 design.second. "

c. The allowable systematic error in muzzle velocity e. For non-radar tracking. imaging sights with au-
is 1.5 meters per second. It may be necessary to tomatic tracking should be investigated as offer-
provide automatic muzzle velocity measurement inr the potential of more accurate tracking under
on the mount, if this tolerance cannot be held by fair weather, day/night conditions than can be
ammunition quality control. achieved with manual .racking.

2.1.9 Weapon and Ammunition f. The tactical usefulness of employing the laser .
a. The 37mm Vigilante Gatling Gun should incor- range finder both as a range finder against aerial

porate an additional, intermediate rate of fire targets, and as a target designator for the deliv-v-
capability between 3000 rpm and 120 rpm. 1200 ery of remotely fired homing missiles againstrpm appears appropriate, ground targets, should be considered as a means

for augmenting the ground support capability of
b. Muzzle velocity should be increased and projec- AFAADS at small incremental cost.

2-2 V



2. 1.11 Cost-Effectiveness Trades structures provide a basis for later estimates of overall

Given a reference design configuration, a design system cost for use in cost-effectiveness trades.

option that adds 10 percent to overall system effec- The characteristics of targets and target flight paths
tiveness is cost effective if it adds no more than 300,- are developed in Section 4.1. This section serves as a
000 dollars to the total 10-year life cycle cost of a fire basis for selection of typical flight paths for analysis,
unit, considering all direct and overhead costs allocated and for the selection of prediction algorithms. It in-
against the fire unit on a battalion basis. cludes an evaluation of the maneuver capabilities of

2.1-12 Improvement of Combat Effectiveness targets, typical attack paths, flight paths in terrain
following, and the effects of air turbulence in produc-

All historical records show a very rapid improve- ing 'flight roughness.' Estimates are made of the range
ment of the effectiveness of antiaircraft gun systems at which targets will first be exposed to AFAADS as a
during the course of a conflict. AFAADS should incor- function of altitude, and of the total exposure time.
porate an element for recording the attack paths of A brief survey of sensor characteristics with empha-
enemy aircraft as they are encountered so that predic- sis 0
tion modes can be modified, decision thresholds sis on the magnitude and power spectral densities of

changed, and the overall system capability periodically tracking errors is provided in Section 4.2. The essence

modified in the field to best match the changing tactics of the tracking problem is indicated by Figure 2-1

of enemy aircraft. which shows the angle subtended by typical targets2 at
1000 meters. Unless the sensor can track to a small

2.1.13 Further Applications of the Results of the fraction of the angle subtended by the target, wander
Present Study of the tracking point over the target area will cause

In the course of this study a computer simulation of large errors in predicted position. With accurate track-
the predicted-fire air defense problem has been devel- ing the large subtended angle makes the target easier
oped which is of great generality and has applicability to hit.
to all predicted-fire weapon systems. It is modular in The characteristics and capabilities of the human
construction, so that the program modules defining the operator are summarized in Section 4.3 as they apply
prediction algorithms, for example, can be changed as to the AFAADS problem. The human operator is
desired without rewriting the complete program. The deficient in ability to detect targets at satisfactory
same flexibility exists in the target path program, the ranges and in the tracking function has, at best, a 1 Hz
tracking program, the ballistics program, the term;,.il equivalent bandwidth.
effects program, and the program for analyzing ..iid
printing out detailed point by point analyses of indi- Gun and ammunition characteristics are summa-
vidual runs, or statistical summaries of large numbers rized in Section 4.4. Some rough estimates are made of
of replications. This is a tool that can be applied terminal ballistics, including target vulnerability to
effectively in all future analysis and development activ- 37mm projectives for use in subsequent system effec-
ity concerned with predicted-fire air defense systems. tiveness computations.

2.2 OVERVIEW OF THE REPORT 2.2.2 Analysis of AFAADS System Requirements

This section discusses briefly the content of the Within the constraints of mission, target, organiza-
major section of the report. tional employment, sensor, and weapon capabilities, a

comprehensive analysis by both analytical means and
2.2.1 AFAADS System Concept and computer simulation is carried out to define the fire
Characteristics control system. Since the fije control system cannot be

The AFAADS concept is initially defined by its considered properly without considering its interaction
mission, the organizational structure in which it will with all other system elements, the approach is that of
function, and the targets against which it must operate. an overall systems analysis.
The fire control system emphasized in the present Sections 5.1 through 5.5 are specifically concerned
study is additionally constrained by the characteristics with defining the coordinate system and prediction. as
of the sensors and the capability of human operators, well as the smoothing and regeneration algorithms of
and by the performance of the weapon. These topics the fire control system.
are taken up in Sections 3 and 4.

The environmental context in which AFAADS will System configurations for uncoupling the sight from

operate is developed in Section 3. This section defines the gun motion are described. Coordinate systems are

missions, typical organizations. information flow, and compared and typical prediction algorithms in polar

functions performed by AFAADS at the top level of and rectangular coordinates are compared.

system definition. It provides a basis for assessing the Methods for accomplishing regenerative tracking in
quality of alerting information that will be provided both rectangular and polar coordinate systems are
AFAADS from external sources. The organizational presented. and the additional use of the regenerated

2-3
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Figure 2-1. Angle Subtended by Typical Targets at 1000-Meter Range

information to reduce servomechanism lags at the simulation and estimate the probable effects of track-
sensor and gun is described. Algorithms for degraded ing noise on desirable threshold settings.
mode operation are presented. Additional supporting studies reported in this see-

A number of prediction algorithms arc developed, tion include a description of a method of dynamic J
including at least two which are new. An analysis of calibration of the system, an analysis of the effects of
weighting functions for smoothing measured target firing on the ,ystem and its operator, fire on the move,
data is presented. ground fire, and firing doctrine. There is a discussion

of the methodology for incorporating system reliability
A brief analysis is presented of the effect of inaccu- into overall configuration analysis.

racies in the ballistic solution on system performance.
and the effects of variations in muzzle velocity, drag 2.2.3 Simulation Results
coefficient and other parameters are derived. The de-
flection of the trajectory by wind is estimated. Perhaps the most important, and certainly the most

interesting, material in this section is the report of
Having developed a number of candidate solutions simulation results in Section 5.13. This section reports

to the fire control problem, the study continues with the results of comparisons of six basic prediction
the development of the methodology for obtaining hit algorithms, three sets of ballistics, and three smoothing
and kill probabilities. This includes a consideration of times, with simulated radar and manual tracking
aim wander and a method for resolving it into system- against a half dozen different target path types. Not all
atic and random components. Analytical evaluations of combinations of system options were run against all
the interactions among prediction mode, tracking target path types, but a progressive resolution of pre-
noise, target maneuver and artificial dispersion are ferred options was accomplished using three indices of I
carried out as a prelude to more realistic evaluation of effectiveness. The effectiveness of the automatic predic-
these 4flects on the simulation. An analysis of the tion mode selection was demonstrated, Among the
expected characteristics of operation of a switching system characteristics explored, in addition to those
algorithm to choose automatically between linear and named above, were the effects of varying gun disper- 5.
quadratic prediction is described. Its purpose is to sion, sensitivity to noise variance in each of the input
anticipate performance of similar algorithms on the parameters. effect of boresight error, effects of lag in I
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the sensor and gun servos, and the stability and effec- options on the basis of both effectiveness and cost,
tivenes of regeneration algorithms. Additional conclu- some estimates are made of AFAADS life cycle costs.

- - sions regarding firing doctrine and rate of fire of the It is shown that a useful guide for system element
gun were drawn from analytical manipulation of some selection can be derived in spite of large uncertainties
of the simulation outputs. in complete system life cycle costs. Becduse of the long
S 2.2.4 Overall System Effectlvenms service life of air defense gun systems, the importance

of low maintenance costs is emphasized.

The section concludes with a review and summary of f in ten he os e empha s ped.

all of the material reported in this section from the Finally, to put the whole effort in perspective, three
point of view ofaoveriall syted effhissectiv in brothe complete system configurations are described: (I) forpoint of view of overall system effectiveness in both da/irwth,()dyanngh/areaead

norml ad dgraed oeraingmods. Te cndiate day/fair weather. (2) day and night/fair weather, andnormal and degraded operating modes. The candidate
(3) all-weather. An example is given of how these can

prediction options and modes are ranked in order of be compared on an overall cost-effectiveness basis.
preference, and a tentati',e instrumental error objective
for system development is proposed. 2.2.6 Recommended Programs

2.2.5 Recommended Configurations The final section of the report presents and discusses
areas in which exploratory and advanced development

About 44 algorithmic, hardware, and configuration effort in hardware, data collection and experimenta-
options identified in the course of the study are pre- tion, and analysis will significantly advance the capa-
sented in Section 6.0 and grouped according to ex- bilities of future predicted-fire air defense systems.
pected contribution to system effectiveness, and cost. Included is an identification of those areas of recoi-
Each is discussed. icue sa dniiaino hs ra frcm

mended activity that represent natural continuations of
In order to provide a basis for selecting among the effort completed under the present contract.
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SECTION 3

AFAADS SYSTEM CONCEPT

In order to place AFAADS in an appropriate sys- allocated and deployed in increments of two fire units,
tems context. it is assumed that this Sun system will fit with four weapons constituting a minimum defense.
into the complete air defense system in a manner
which is an extension of, but roughly comparable with, In addition to air defense. automatic weapons may

that currently defined for Vulcan and Chaparral. and perform a secondary mission of ground support.

within a generally similar organizational structure. The missions of air defensc automatic weapons areLWithin this structure, the following paragraphs discuss further detailed as follows:
mission, organization, and the implications of these
factors on the operational concept. a. Limited area defense. The extended area coverage

of AFALADS, as compared with the present Vul-
3.1 MISSIONS can, allows it to be considered for a limited,

weighted-area defense within the division area as

The overall air defense mission is to destroy hostile now contemplated for Chaparral.
* arcrft nd issles orto ullfy r rduc thir b. Vital area defense. This would be the normal use

effectiveness. In forward area air defense, the air -if AFAADS in a non-mobile role. It would corn-
defense forces have the objective of limiting the effiec- lmntharadfsepoidbyheogr
tiveness of enemy air efforts to a level permittingplmntharadfseroidbyheogr
freedom of action of friendly forces of all types. The range missiles; or when this coverage is not

overall air defense system is composed of a mix of availabe, orlmieproprae tec thei v itllreseo.
manned interceptors and ground-based air defense dge prpit otervle
artillery (ADA) weapons, including surface-to-air mis- c. Small unit defense. A local-area defense capabil-
siles. to permit the advantages of one type of weapon ity is provided responsive to the requirements of
to offset the limitations of the other, and to ensure a a small unit. This might include a column on the
defense in depth. The ground-based ADA weapons move. If the route of the march column is secure
add depth to the defense and offset weakness in the fo grudatcalp-frogging deployment

defense provided by the interceptors, of the air defense is preferred to permit better
siting of the fire unit. Otherwise the ADA units

A typical field army ADA defense is a composite of would move with the column. Whether AFAADS
several weapon system types. Area coverage over all or would stop to meet an air attack, or fire on the
most of the field army area is provided by Nike move, would depend on its capability to deliver
Hercules type missiles. This is complemented by Hawk accurate fire while moving. In this role., AFAADS

* type missiles for medium and low altitude defense. The might augment the ground security fires of the
effectiveness of these missile systems is presumed great defended unit in addition to providing air de-
enough to force enemy aircraft to very low altitudes to fense.
penetrate below their coverage volume, taking advan-
tage of terrain. The self-propelled Hawk, automatic d. Ground support. When ADA automatic weapons
weapons. and the Chaparral are positioned forward to are specifically employed for ground support. fire
complement the coverage provided by the longer range support plans are expanded to include ADA
weapons. and protect the high-value forward area automatic weapons fires. Weapon positions are
targets and subareas against low altitude air attack. selected by the supported unit commander. The

high-velocity, flat trajectory of antiaircraft auto-
Currently. Chaparral and Vulcan provide only a matic weapons fire makes' direct fire the usual

fair-weather capability. It may be expected that any mode of operation: although indirect fire may be
enemy using modern tactical aircraft will be able to called for infrequentl>.
operate. acquire ground targets, and attack them under
all-weather conditions at low altitude. 3.2 ORGANIZATIONS

Autoati wepons(inludng FAAD) alocted The organizitional structure of the Army, like that
Autoaticweaons incudin AF.ADS alocatd of industry, is continually changing. The organizations

to a field army. corps. or division, would normal~ly be currently described may.'however, he used as guides to
used to provide a low altitude defense for- priority thwatatheA AD gusstmcldb n-
nuclear delivery means. march columns, assembly ar- grthed iny'toa the Army.n ~tm ol h ne

eas. critical base installations, and selected units. Their
deployment would be influenced by the coverage of- Air defense fire units would normally be organized
fered by the longer-range area defense ADA weapons. into air defense battalions. The composition of the
Curren,.v. automatic-weapons fire units are normally batialion would depend on its assignment: i.e.. whether
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p=it was to be organic to a division. with mobility con- Platoon plus one per squad. The use of RAID informa- ••:

sistent with that of the division or allocated at corps tion by AFAADS is discussed later.or brigade level. Fire units might include: AFAADS
gun sys,ems, Chaparral or a later follow-on, and in The aggregate numbers are based on the assumption I-
some configurations, Hawk, or a later surface-to-air of a field army with 3 corps and 4 divisions per corps..
missile. Hypothetical organizations incorporating Assignment of ADA Battalions at tahe various levels of

"the field army, and typical areas covered by eachAFAADS include the following: organization, are indicated in Table Ili-I.a. Air Defense Artillery. Battalion (Sel f- Propelled). Co unainnesnwhhte rdenebtt-
Communication nets in wh ithe air e show

1Organictod rmored. infantry , andvmech ion may typically operate or monitor, are shown -W
nize inanty diisins.Table 111-2. These are considered in a following section

with regard to their effect on alerting and early warn-
cbed to: Deing information received at the AFAADS fire unit.cared to:

(1) Corps Air Defense Artillery Groups. In configuring a battalion organization to include
AFAADS. various changes from the current Vulcan/

(2) Field Army Air Defense Artillery Brigades. Chaparral organization may be anticipated. If
AFAADS mounts a surveillance radar (one per fire(3) Communications Zone Air Defense Artillery unit, or one per platoon), the information it acquires -Organizations. will supplement and may replace that gathered by the

c. Air Defense Artillery Battalion (STRABAD) present FAARs. Furthermore, it may be desirable to
(Towed). inject this information into the forward area defense

command and communications net in the same man-
(1) Allocated to U.S. Strike Command for world- ner as employed for the FAAR information.wide deployment on a contingency basis. The balance between AFAADS and Chaparral, or its

The principal differences across organizational types successor in terms of numbers of fire units, may be
are: (1) those associated with mobility requirements of modified depending on the AFAADS effectiveness and J, -
the Air Defense Artillery Battalion (ADAB) which are all weather coverage.
organic to divisions. This assignment favors self-pro-
pelled fire units, (2) the lesser mobility requirement of 3.2.1 Future Trends
ADABs assigned at higher levels which allows less The integrated air defense system for the field army
expensive towed mounts, and (3) those with emphasis will change from the current practice as just described,
on minimum weight for ADABs for rapid worldwide with the advent of improved digital communications,
deployment by air (STRABAD). integration with the Army's air traffic regulation sys-

Considering the composition of a self-propelled tem, realization of an Army-wide aircraft position and
ADAB. one might find the organizational structure and reporting system, and the acquisition of TOS and AN/
numbers of fire units to be as follows: TSQ-73. The aircraft position determination and re-

porting system, in particular, will simplify the 1FF
Personnel: 760 per Battalion problem. A forward area command post (FACP) may
Two Batteries per Battalion be implemented to ,.oilect, correlate, display, and dis- 4

seminate information collected by the FAARs and
Two Firing Platoons per Battery other sources. The FACP may be located intermediate
Two Firing Sections per Platoon to the AN/TSQ-73 and AFAADS/Chaparral/Redeye

Battalions or Batteries. Battery Entry Track and Stor-
Four Fire Units per Firing Section age Equipment (BETSE) may provide more accurate

One AFAADS per Fire Unit (SQUAD) and comprehensive information on enemy air activity
at the battery level and below, than is presented by
RAID. I

32 AFAADS Fire Units per Air Defense Battalion None of these developments will relieve the funda-

576 AFAADS Fire Units per Field Army mental requirement for autonomous operation of
AFAADS. However, while the overall system is func-

The organization of a current air defense artillery tioning, the information it provides can substantially 1
battalion includes a Forward Area Acquisition Radar improve AFAADS effectiveness.
Platoon (FAAR) with 12 radars per battalion. Infor- 33 FUNCTIONAL DESCRIPTION
mation acquired by these radars is disseminated 1
throughout the battalion by Aigital data link. and is The functional flow of activities or, the AFAADS I.
displayed on Rapid Alerting Identification Display system is shown at the top level in Figure 3-1. The
devices (RAID) which are allocated one per ADA principal system elements are shown in Figure 3-2.
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' Table II1-1. Assignment of ADA Battalions Within Field Army

Battalions or AI)A Assigned
(Total Field Arm vt

Organizational Level Area Front tlercules SP l lawk Towed A I'AA I)S/
(sq mi) (mi) Type Type tt•=wk Chaparral

Type type

Field Army 20,000 125 4

Corps (3} 2200 (ca) 40 3 3

Division (12) 60-240 (ca) 6-12 12

Total number of battalions fi 9 7 18

Total number of batteries* 24 27 2FI 72

Total number of fire units* 24 81 56 576 Chaparral
576 AI:AAI)S

*(.'onlputed from data prescntcd
in Army Field Manual, I"M 44-1

n067•-31 t)

Table 111-2. Battalion Communications Networks

I:.xtcrnal Radio Nets

I)ivision ('omm:md Net (I:M)
I)ivision Warning Broadcast Net tAM-VOICE) ................. AFAADS Battcrie• Monitor:

Air Alerts
CBR Warnings
Nuclear Events

Division Opcrationsllntclligcnce Net ¢RATT Net No. I
Division General Purpose Net (RATT Net No. 3)
Supported Unit's Command Net (FM) ...................... AI:AAI)S Ilatterie• Operate In and Monitor.

Internal Radio Nets

Battalion Command Nct ¢FM) ............................ AFAADS P, attery ('ommandcrs Operate In.
Air Dcfensc Liaison Nct (SSB-VOICI:)

Opcrations/Intelligencc Net (SSB-VOICE) ................... AFAADS Battery Monitors:

Early Warning. Operatm•, Intelhgcn•c InlorT•l,=Uol• ltclwcen
Battalion 110 anti I'.,\AR "rc•mls

Battery Command Net (FM) .............................. AFAAI)S Battery Commander and Platoon l.caders

Platoon Operational ('ommand Net (F.M) .................... AI:AADS Platoon l.eader, Platoon Sergeant ;rod life t:•it, ()per;He

In.

Rapid Alerting Identification Display (RAID) Data Link ........ Platoon Radar "lcaln• <F..\AR) to ..\1 ..\AI)S Su'ction., and I ire l.:nlts:
One-Way Digital I)ata Link Coarse Direction

Tentative Identification
Early Warning

•)l•r, 7S-31 I
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The functions will now be discussed irk the context o. from the Forward Area Acquisition Radar Platoon
mission and organization as developed in Lhe two 'FAAR) via digital data link. The latter information is
sections preceding, displayed on the Rapid Alerting Identification Display

U.S.antairraf wepon ha~e nt ben mplyed Device (RAID). In addition, the platoon leader may
in warfare since World War Hi. In many ways. the operate in the command net of any divisionil unit
AFAADS operational problems are similar to those of supported by the platoon. The flow of information to
WW 11 automatic weapons for air defense. Figure 3-3 the fire unit is shown in Figure 3-4.
shows the results of a survey of the operational prob- The RAID device is a box 12 in. by 9-3/4 in. by
lems of automatic weapons in WW - i. 5-li2 in. with a 7 in. by 7 in. display containing 49

The findings of Figure 3-3 were based on a survey squares, each transparent, backed by light bulbs, and
of 1925 targets, of whith it was found that only 27 representing 4 km per side of each square. Color of the
percent were engaged fully and without difficulty, and light indicates hostile, friendly, or unknown. Depend-
35 percent were not engaged at all. Clearance problems ing on the range from the fire'unit at which a target is
were the major causes of not firing at all, and acquisi- first displayed on RAID, the required search angle may
tion problems were the major causes of not firing for be as large as 90 degrees. but probably a,,erages less
the maximum available time. than 45 degrees.

Acquisition can be improved by providing AFAADS Sneifraini rnmte iialteifr
with early warning and target position data from the Sicinomtnisramtedital.henf-
battalion surveillance system. and by the use of on- mation now displayed by RAID might he introduced
carriage surveillance devices. Clearance problems may to and shown on th~e display of an on-carriage surveil-
be reduced by improved target identification devices, lance device, if one is incorporated in AFAADS. Data
and doctrine. allowing higher resolution and essentially continuous

track could be accepted. The possibility, also exists of
3.3.1 Alerting Information passing information back from AFAADS in digital

The fire unit operates in the Platoon Operational form to a Forward Area Air Defense Command Post
Command Net (Voice. FM and receives coarse direc- for integration with FAAR and other data to build up
tion, tentative identification, and early warning of alert a complete air defense situation display.

CLEARANCE OIFFCULTIES

TFI. tiairCA twON I
FRIENDLY A.IACRAF

HIGHER .HEAOCUAP TEAS

SOP RESfTRICTION

PICKUP O'PFFCU,.T~fiS

EVASIVE ACTILN `)IF TARGET

NO FARLY WARNING

INSUFFICIENT EARLY YARNING

MASK AND DEFILADEI.

ATTACKS FROM 0,470F SUN

TOO CLOSE TO GUINI

JETS - TOO FAST

15n 5 wafr ince WoC~rld Wa nmn asI. the opeat *'n thZomnCeto. n iisoIui

Figure 3-3. Automatic Weapons Operational Difficulties in World War 1t
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Figure 3-4. Flow of Command and Alerting Information to Fire Units

3.3.2 Surveillance, Search, Detatlon, and new targets appearing while the tracker is engaged I
Acquisition may be monitored until the tracker has disposed of its

Normally the fire unit would perform surveillance current target. A capability is also suggested for the

consistelt with the situation status. Depending on alert surveillance radar of Track-While-Scan (TWS) track

and RAID information, search would narrowed to a keeping and generating preliminary rate measurements I
more rRAictD inregtion. Oneadtcte'ud, a• targowet would which may be transferred to the computer with a newmore restricted region. Once detected. a target would target assignment to reduce solution time.
be tracked while the identification process was .ccom-
plished in order to minimize reaction time. Such a system might have two operators. Data trans- j

fer to the tracking sensors would preferably be auto-The details of this process could be as simple as matic, with nonautomatic secondary modes as shown
visual search, detection, acquisition, and identification ic th n t i d m e s
by the gunner, if no surveillance system were available i
on the mount: it could include use of a nonvisual The surveillance system might be installed on one I
tracking sensor in a search mode; or it could include AFAADS vehicle out of four. and serve all four. This
surveillance by one sensor and transfe, of information is consistent with deployment distances between fire
to another for tracking. units in antiaircraft gun defenses.

Figure 3-5 shows the simplest mode in which all 3.3.3 Identification
operations are performed visually by the gunner. A target may be identified to the AFAADS fire unit 3

Figure 3-6 shows the functional flow of activities by command communications link, by the RAID dis-
when search is performed by a radar or IR tracker play. or by local identification at the fire unit.
which converts to a track mode when a target has been Identification at the fire unit may be by positi 1FF
detected ve

return if AFAADS utilizes a surveillance and/or track-
Figure 3-7 shows a more versatile system in which ing radar. It may be by visual identification. which

surveillance and tracking are performed by separate requires that the trget he allowed to approach much
sensors (as in the European formula) Figure 3.7 has closer than detection range before opening fire. It may
been developed to show a multitarget mode in which a be by established doctrine, which bases the decision to I
surveillance radar may operate continuously so that engage on the state of alert and a set of rules which

3
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Figure 3-6. Search/Track Functional Flow Diagram

consider departures from established air corridors. The above alternatives for identification at the fire
altitude, speed, and hostile action. A flow diagram for unit are shown in Figure 3.9-
engagement decision by doctrine is shown in Figure 3.3.4 Tracking
3-8.

Future identification methods may. depending on The options for tracking modes will he covered in
the success of research, be based on signature analysis Section 4.2. Sensor Characteristics. We note at this
of the reflected radar or laser signal from the target. or point, ho.ever, that consideration must be given to
by infra-red or acoustic signature analysis. Acoustic operation in various degraded modes as well as opera-
signature analysis would be too slow (except possibly tion with all components function Modes include:
for helicopter targets) if performed at the fire unit for a. Normal operation. 3-D inputs.
the fire unit. however, the large number of acoustic 1. Range information denied. angular information
sensors contemplated in the Integrated Battlefield
Command System concept suggests that their sensings
may be utilizable on a battlefield-wide basis.
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Figure 3-7. Surveillance Radar Functional Flow Diagram

c. Range and angle information available, corn- possible to fire continuously for more than a few I
puter inoperative, seconds without exhausting the ammunition and re-

quiring reloading. Some of the considerations in estab-
d. Angle information only. computer inoperative. lishing a firing doctrine are presented in Table 111-3.

3.3.5 Lead Computation Any useful doctrine must be very simple. Some of I
Determination of preferred algorithms for lead com- the decision elements, such as: whether the computer

putation is a central task of this study effort, and is has settled: whether the target is within effective range:

dealt with in depth in Section 5. Analysis of AFAAD S how long it will he within range: and others, can be
S y se ml R e qi remn ep n S et ios. A n l s s o f AA. e v a lu a te d b yk , th e c o m p u ter. , to g 'iv e th u n e t e s
System Requirements. an open fire. and cease fire indication. Much more can

3.3.6 Firing Doctrine undoubtedly be done in automating the firing doctrine,

With a finite ammunition load on the mount, and

the very high rate of fire of the Vigilante, it is not

3-81
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Table 111-3. Consideration in Selecting Firing Doctrine I
I iring Doctrine AFAADS System Tirget

Options Considerations Tracking Modes Target Types Path

Rate of I ire Ammunition Load Automatic Hebcopter Direction J
Rounds per Burst Solution Time Visual Angle/Auto. Range Slow Piston Engine AXC Range
Open lire Range Prediction Options Fast Piston Engine AC Altitude

Interval Between Bursts Dispersion System Degaded Jets Speed
(Range and/or

Creas, lire Range Lead Computation Ground Target,s Mission
Inoperative) 00678i309

00678-309

I
i
I
I
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SECTION 4
CHARACTERISTICS OF AFAADS

4.1 TARGET CHARACTERISTICS The following paragraphs develop the preceding
[ considerations ir greater detail.
The purpose of this section is to define the charac-

- teristics of the air targets against which AFAADS may The following base line operational limits for
be used and to emphasize those parameters which will AFAADS have been provided by the Army for air
affect the performance of the AFAADS System most targets.
critically. Since AFAADS will be operational in the a. Target speed 0-600 knots (1013 f/s).
future when many of its targets may consist of air
vehicle types not yet operational, the identification and b. Maximum altitude 3000 meters (9840 ft).
projection of target parameters, most likely to affect c. Maximum slant range 3000 meters (9840 ft).

t AFAADS capabilities, are considered to be of much
greater interest than the precise description of details d. Maximum target acceleration 5g.

of existing potential enemy threat vehicles. Present As will be shown later, the defense envelope defined
vehicles and forces do. however, serve as base points to above is relatively small when compared with the
"assist projection. release ranges of many of the likely air-to-surface

AFAADS is concerned with a very restricted region munitions. In the analysis, therefore, it will not be
considered an absolute barrier, but rather, the varia-

of operation of threat vehicles, namely that lying from
about 10,000 ft altitude to ground level. A moderately tion in system effectiveness with maximum range will

higher altitude band is of interest in defining the be developed.

acquisition ranges desired of AFAADS sensors. 4.1.1 The Threat

Flight at low altitudes may involve terrain following, The development of tactical air capability by all of
in which case an irregular flight trajectory will be the major powers is proceeding along roughly compa-
generated which causes problems in prediction. Maxi- rable lines. The following brief description of Soviet
mum speed of multiple-Mach aircraft at low altitude is air, with emphasis on tactical and logistic aircraft and
not likely to be much in excess of Mach I. As a result, helicopters, provides a general background on Soviet
the maximum speed to be handled by AFAADS is current force structure as well as an indication of the
somewhat limited, but the interaction of the flight path support that can be provided by the Soviets to small
with terrain, both in sighting and prediction phases of countries aligned with the communist bloc.
an engagement, is critical. Soviet air forces include the following five main

As a short range weapon, AFAADS will often be categories: (I) the Long Range Air Force (long- and
used in the close defense of an important point or medium-range strategic bombers); (2) the Tactical (or
small area targets. It will thus be engaging enemy front-line) Air Force. which includes fighters and light
threat vehicles during the terminal phase of their bombers; (3) the air element of the Air Defense Coin-
attack on ground targets. It is necessary to understand mand (fighter-interceptors); (4) the Naval Air Force:
the constraints placed on the attacking aircraft by its and (5) the Air Transport Force (including an inde-
own fire control system and munitions load in order to pendent force for the airborne divisions). There are
understand what kinds of target trajectories AFAADS about 9,800 combat aircraft in all. and the total per-
must attempt to predict. Currently the attack paths of sonnel strength of the five categories listed above is

aircraft delivering iron bombs, rocket fire, and gunfire about 505,000.
on small targets include short straight segments on Tactical Air Force. The strength of the Soviet Tacti-
which predicted fire may be highly effective. Aircraft cal Air Force has remained fairly constant for the last
fire control systems under development may cause such nine years. Altogether there are nearly 4.000 aircraft.
straight segments to be of negligible length in the These include light bombers, ground-attack and inter-
future. ceptor fighters. transport aircraft, helicopters and re-

connaissance units.Air-to-surface missiles allow the attacking aircraft to

release its weapons at greater distances from the The aircraft in service still contain a significant
ground target. thereby reducing its exposure to local proportion of obsolescent types such as the MiG-17
defenses, while providing greater accuracy in warhead Fresco. MiG-19 Farmer, and the 11-28 Beagle. The
delivery. However they weigh more and cost more than most notable high performance aircraft in service are
the simpler weapons they replace and, depending on the fighter-interceptor Fishbed (MiG-21). the ground-
their effectiveness, may impose an additional cost on attack Fitter (Su-7). the supersonic light bomber Brewer
the enemy which, in itself, justifies AFAADS. (Yak-28) which is gradually replacing the Beagle. and
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-t he twin-engined reconnaissance aircraft Mandrake.- -the target and-weapons delivery. Later -paragraphs -
Ground-attack aircraft may now be equipped with develop relevant characteristics in greater detail.
tactical air-to-surface missiles, similar to NATO's 8ull-
pup and Martel. Of several new fighter and fighter- Target Vehicles. The target vehicles, that were con-
bomber types, including a variable-geometry aircraft sidered for this report, include:
resembling the American F-Ill1, displayed at the Mos- a ihesi rudspot
cow Air Show in July 1967, the supersonic strike
version of the Foxbat is reported to be coming into b. Fighter/Bombers.
service.

c. Bombers.
Air Transport Force. About 1500 short- and

medium-range transport aircraft, including twin-en- d. Helicopters.
gined 11-14s (Crate) and An-24s (Coke), some 600 e
four-engined An-I12s (Cub) and 11 - I 8s (Coot). A few
An-22 (Cock) heavy transports are now also in service. f. Logistic Aircraft.
There are in addition civil airliners belonging to Aero-
flot, some of which could be adapted to military use in g. Cruise Missiles.
time of war; these include about 150 long-range air-
craft of the Tu-104 (Camel), Tu- 114 (Cleat), Tu-124 The distinction among fighters, fighter/bombers, and
(Cookpot), and Tu- 134 (Crusty) classes, bombers for AFAADS may be expanded according to:

Helicopters in use with the ground forces include the a. Size (detection, tracking accuracy, hit probability,
troop-carrying Hook (Mi-6) and Hip (Mi-B), the heavy payload).
load-carrier Harke (Mi-10), and the smaller Hare (Mi- b. Speed.
3) and Hound (Mi-4). The Homer (Mi-12), a very
heavy load-carrier may shortly be entering service. The c. G-limit (evasive action, terrain following capa-
total helicopter inventory is probably around 1,500. bility). 4.

Observations of Soviet tactical air operations in field d. Tactics resulting from the preceding
exercises in East Germany have indicated tactics simi- characteristics. T
lar to those of the United States and other Western 4
countries. i.e., low altitude approach to the vicinity of Helicopters may be further subcategorized according
a target. pop up to acquire the target. and then an to type and mission such as:
attack pass appropriate to the munition type being a. Reconnaissance.
delivered. Like most other countries, the Soviets have
been observed experimenting with helicopter-launched b. Gunship.
missiles for the attack of ground targets.c. Logistic.

Missiles. Tactical missiles in use by the ground forces

include those of the Frog and Scud series, which are V/STOL aircraft are operational. The British VTOL
carried on modified tank chassis and wheeled launch- Harrier fighter is being procured by the U.S. Marine
ers, and have ranges of up to I10 miles according to Corps and tactics for its use are being developed.
model and the type of warhead carried (high-explosive,
chemical or nuclear). There are also two larger cruise Logistic aircraft will be targets for AFAADS princi-
missiles - Shaddock, with a range of up to 250 miles, pally in defense against an air assault operation. They

and the shorter range Salish. A new missile system are unlikely to impose any requirements additional to
associated with Scaleboard, first seen in November those established by the more maneuverable attack
1967, may have a range of 450 miles. aircraft and helicopters.

These missiles and follow-on designs are unlikely to The existence of cruise d .fis:es .wi nd the possibilityue
be profitable targets for AFAADS. If, however, SAM that effective SAM defenes will drive them to altitudes
defenses drive the cruise missiles to very low altitudes penetrating the AFAADS defense envelope suggests
and with the incorporation of terrain following equip- that they should b-! considered in a complete threat
ment. the missiles may penetrate the deiensive enve- evaluation.
lope of AFAADS. Air to Surface Muntions. These include:

4.1.1.1 Categories of Targets, Munitions, and a. Guns.
Tactics

b. Unguided Rockets.
In this section categories are established for target

vehicles, their munitions, and tactics for approach to c. Iron Bombs
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d. Guided Bombs. "evelopes, with 'excess-power' -overlays. Figure 4-1
shows such envelopes for the F-104G, F-4 and MiG-
23 aircraft. These envelopes bound the region within

Air to Surface Weapon Guidance. A partial catego- which the aircraft can maintain steady flight. Note that
rization of air to surface guided weapons by type of the maximum Mach number at sea level is much lower
guidance is as follows: than that at altitude for the aircraft shown. The con-

Sa. Visual control all the way (SS-l I). tours are for the aircraft in 'clean' configuration.

b. Automatic following of manually controlled sight As thrust/weight ratios increase with time, maxi-
line (TOW). mum speed at sea level will increase slowly. However

external stores drastically reduce maximum speed. The
c. TV head with control from launch aircraft. Dassault Milan. for example, has a capability of Mach

d. Semi-active homing: Radar homing: Laser Tar- 1.2 at sea level, clean, but only Mach 0.87 with full
get designation. external stores of 14 bombs. Its high altitude speed is

given as Mach 1.8. Even in the clean configuration.
e. Passive homing: Optical contrast: Infrared. maximum Mach is achieved only in non-maneuvering
Tactics. Approach-to-the-target and attack-of-the- flight (dives excluded). An aircraft which has delivered

target are the two consecutive phases of an attack on a its munitions will be of lesser interest to AFAADS
ground target, and are discussed in detail later. Tactics than one which is on its way to target. The thrust/
for attack of a ground target depend on the type of weight ratio of light bombers is much less than that of
munition being delivered and the type of fire control fighter-bombers with a corresponding reduction in the
system, or missile guidance system used by the attack- performance envelope. This is illustrated by the follow-
ing aircraft. The following table subcategorizes attack ing table.
tactics. Within the performance envelope of Figure 4-1,

4.1.1.2 Aircraft Characteristica contours can be drawn to show the excess power avail-
able to the pilot by applying maximum throttle or

A convenient way of summarizing military aircraft afterburner. Figure 4-2 shows such corttours for the
performance capabilities is by means of altitude-speed F-104G and a proposed Lockheed design (CL-981).

Specific excess power (P,) is defined as the excess of
Table IV-1. Tactics for Munition Delivery maximum thrust over drag, multiplied by speed. per
Munition Type of Attack pound or aircraft weight, i.e.,

(Guns Strife P5 = (T-D)v/W

U'nguided Rockets It may be interpreted as the maximum steady rate of

Iron Bombs Level climb which can be sustained at each point within the per-

Glide formance envelope, or divided by (v), as the maximum
horizontal acceleration (in g) which can be generated at

Dive that point in level flight.

Dive-toss From Figure 4-2 one can determine that the F-104G
flying at Mach 0.6 at sea level can develop an acceleation

LABS along the flight path of 0.8g.
LABS lover the shoutder) This acceleration is small compared with that which the

Laydown airplane can generate by turning, pull-up, or push-over. The
Standoff maximum acceleration which the airplane can generate is
Standoff limited only by structural or pilot g-tolerance limits. Limits

are higher for fighter than for bomber aircraft, and for
positive (eyeball-in) than negative (eyeball-out) accelera-

Guided Munitions Guided ill the ,ay tions. For this reason, tactical maneuvers involving a series
Launch and leave of high-g arcs to place the aircraft in an attack position
Pop-up are likely to involve aircraft rolls so that the pilot ex-

periences only eyeball-in acceleration.

00678-401 As a point of reference, the Dassault Milan is stated to
have the following capability of sustained acceleration in
a stabilized turn at low altitude.
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Figure 4-1. Comparative Speed - Altitude Envelopes

Sed ,\ý,:Icrlct• Turning Radius periods of time, as in terrain following, the maximum

accelerations are set principally by pilot tolerance for

10 n.1: z 2500 ft continuous 'g' fluctuations, rather than by aircraft 1
limits. Terrain following is discussed at length in a

340 ii 4 1720 ft following section.

The information presented above has been taken 1
from unclassified sources. Energy-maneuverability j

Table IV-2. A Comparison of the Thrust/Weight charts for a large number of current U.S. and foreign
Ratio of Various Aircraft military aircraft can be found in classified literature.

Nirirall TN pr Thrukt \A'.ght Rato 4.1.1.3 Helicopter Characteristics

Helicopters may have lower maximum g-structuralO limits than fixed wing aircraft. From the point of view 1
I)O.i-aull .iidn (,:lt'an) 074 of AFAADS. however, their principal difference is in

l.iij ,It Mian Ir,1jNx stor%',1 053 their capability to fly slow and to conform very closely

It -2M Hcaglcl 0 2? to terrain contours in 'nape-of-the-earth' flying. They I
It 16 Hadg'ri 0 2-1 may. in addition, 'pop-up' briefly from behind a hill.

release their weapons. and then drop out of sight with
very short exposure time.

(106"78-402i
4.1.1.4 Air-to-Surface Guided Weapon

Lateral accelerations required to degrade a predicted Characteristics
fire system by jinking are relatively small, compared While the characteristics of a l b f
with the maximum acceleration capability of any of rent Fhe Worairito su arge number ow cur- 1
the target aircraft, and are set by tactics rather than by rent Free World air to surface guided weapons is
aircraft performance maxima. known, little information is available in the open

literature on small Soviet tactical air-to-surface mis-
When maneuvering flight is sustained for extended sties. There is. however, no reason to believe that the
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Figure 4-2. Specific Excess Power Overlays

Soviets will follow different lines of development of homing may also be used. There are several antiradia-
small tactical missiles from those of the Free World. lion missiles. These systems and inertial guidance

increase launch range, allow the carrier aircraft to
As an indication of the price that an aircraft pays in leave after launch, and minimize exposure of the

terms of weight for carrying missiles, Figure 4-3 sum- aircraft to defensive fire.
marizes the missile launch weight versus range. Also
shown, where available, are the warhead weight in A current hybrid system with promising reports
parenthesis and the guidance type. Note that weight involves missile homing on a laser spot placed on
increases approximately as the range squared, up to the target by a ground observer, or by an observer in
ten nmi range. another aircraft.

Wire guided missiles have a maximum range of 2 4.1.2 Threat Tactics
mi, and in almost all cases are intended for launch As previously stated, it is necessary to underst~and
from helicopters. Increased range requires that the the constraints placed on the attacking aircraft by its
wire be replaced by radio or other link. The most own fire control system and munitions load in orde'r to
primitive systems require the operator to steer the understand what kinds of target trajectories AFAADS
missile to the target by observing both the target and a must attempt to predict. In addition. the ability of the
flare in the tail of the missile. More advanced systems enemy to attack at night or in inclement weather is
track the flare automatically and slave the missile to a important to the choice of sensors for ALFAADS.
sight line directed by the operator. Sight stabilization
assists the operator in keeping his sight on target while In the following paragraphs night operations are
the launch aircraft takes evasive action. reviewed from a historical point of view, then some

problems associated with weather are discussed, and.
More advanced systems for longer range utilize TV finally tactics are described in detail.

homing, with the picture transmitted back to the oper- 4.1.2.41 Night Capabilities
ator who controls the missile. This system may be
combined with optical contrast homing, which allows An important consideration of AFAADS design is
the missile to home on a target designated by the the need for the capability of acquiring targets at
operator via the TV link. Once locked on, the missile night. A good example of the tactics employed in the
homes, and the launch aircraft can leave the area. IR acquisition of targets at night in the past is provided

4-5
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Figure 4-3. Air-t-Surface Missile Wsighi versus Range

b•Korean War ope~rations. Once the USAF gained air the search for targets was made at altiudes of" about
s;uperiority in Korea. the enemy took immediate coun- 2000 feet above the terrain which meant that the
tcrincaiurei by moving supplies and men at night. searches were conducted at from 3000 to 4000 feet in

Since the Air Force had few planes capable of night the western half of Korea and from 5000 to 6000 feet
attat.k against moving, targets, it became a ma'ter of in the mountainous regions of eastern Korea. From

d¢•,e'opmg ýpecw.l tactics to cope with the problem. these altitudes. pilotsL. seldom had difficulty spotting

Sin,'e the B-26 was the principal tactical bomber of the enemy,;• convoys by virtue of their illuminated head-
S.,Al- in Korea, the !aeries employed ,w,-ere influenced a lights- fOnre athe coCnvoy0was spotted. eeeB-26

by iII he capabilities of these aircraft, (2) the rough d.rop auRareat feet upwind of the target

and egi stafin paseswith figure-eight trsdw
and mountainous terrain of North Korea. 3) changes asalownas 200rfeet inaordera 2to make two or three passesin weather which made ..,sinv,,e identification of land- before the flare burned out.

mark, dirtiLut. and i4) the availability of natural or
,rtificial tlhimination In the carly stages of night In western Korea. pilots began firing from altitudes

pcrar•iin%, icquois'vn of the target during moonlit of 2000 to I.150 feet; and in c.istern Korea. pilots

night, %ia% maie h,. flvinE liw On the darker nights started their strafing passes from 6000 to 5000 feet
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and pulled up at a height of from 2000 to 1500 feet. Another tactic employed was one in which the pilot
Because of the hazardous terrain and uncertainty of cruised with reduced power at about 15,000 feet until
the aerial charts, the B-26 crews usually pulled up from he spotted a string of truck lights. He then entered a
strafing attacks at altitudes of not less than 1000 feet shallow glide and released his bombs from 6000 to
higher than the highest published height of terrain 4000 feet. Because the aircraft approached suddenly
features in the vicinity of a target. While bombing and quietly. Red convoys usually did not have time to
attacks were used against enemy convoys, it was felt extinguish their lights before the B-26 laid his bombs
that low-level strafing runs were more damaging to the on them. As a result the B-26 seldom drew any ground
enemy. However, as the war progressed and better fire.
tactics were devised, the evidence indicated that bomb- During the periods of inclement weather which
ing was much more effective than strafing over aperiod of time and under all conditions. It was found normally grounded most air attacks, the USAF usedpeio oftmMn ne l odtos twsfud NPQ-2'and MSQ-i bombing director radars to place
that bombing tactics worked best on the darkest nights,
when the crews scouted fir lights of enemy convoys. close-support bombs against deeply entrenched enemy

Upon locating an enemy convoy, they analyzed the troops, supply dumps, and artillery. During a three-
convoy's size and direction of movement. Once the month period, over 3000 bomb runs were made, and

over 5000 tons of bombs that were dropped, using
analysis was completed, the bomber's crew took an three tactical air-direction posts to control the aircraft.
attack heading, usually one which paralleled the road
or intersected it at a slight angle. When the aircraft An Air Force evaluation had indicated that the circuiar

was committed to the attack, the bombardier synchro- probable error of ground-radar directed B-26s was
1 17 7 feet.

nized on either the first available light or the portion
of the road containing the largest number of vehicles. To provide local defense of their installations in
Bombing from 7000 feet, a crew achieved success North Korea. the Communists increased their flak
which varied with its successful analysis of the bomb- order of battle to reach peak totals of approximately
ing problem. 786 antiaircraft artillery guns and 1672 automatic

weapons in the winter of 1952-53 (see Figure 4-5).
The principal heavy gun was the Soviet 85mm M-1939

Figure 4-4 plots B-26 sorties per month over the piece, the effective ceiling of which was about 25,000
duration of the war. After mid-1951 almost all sorties feet. The principal automatic weapon was the Soviet
were at night. 37mm M-1939, which could fire approximately 160

I I
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Figure 4-4. B-26 Sorties per Month During Korean War
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Figure 4-5. Approximate Number of Antiaircraft Weapons in North Korea

rounds A minute up to an effective ceiling of about scured from the ground by clouds in good weather.
4500 feet. Concurrent with the increased availability
of Red guns was the increased defense of specific The probabilities of a clear line-of-sight, based on
targets as shown in Figure 4-6. Lacking enough gun- real observations covering much of the Northern Hem-
laying radars and forced to use day-fighters in a night- is~phere. as limited by cloud cover, are described in a
fighter role, the Reds made extensive use of search- report' by 11. A. Bertoni. The author states that these
lights. On clear nights the searchlight beams ranged up estimates should be considered as a first approximation
to 30.000 feet. and those which were paired with since: ( I) the observations were taken in a subjective
radars or sound control mechanisms could locate and manner. (2) the estimates were based only on about
track an aircraft until other visually directed lights one year of data, and (3) cloud variability may be
could switch on and provide additional illumination of quite large within some of the 10- sectors sampled. In
the plane. order to reduce the subjectivity of the observer and

because a great many of the observers would probably
Figure 4-7 is a composite drawing showing over the lack meteorological training, the type of observation

same period of timne: 0I) the percent of USAF sorties was limited to a 'Yes' or *No' (check-off) answer.
by night. (2) the number of B-26 aircraft lost to
antiaircraft guns by quarter. (3) the number of Red A check of statistics of clear days, as summarized
weapons. and (4) the number of fire control radars. from standard surface observations, reveals that they

provide a much more optimistic picture than that
Conclusion. It is evident from Figure 4-4 that radar provided by observations of the ground by an aircraft

control at night of all North Korean weapons could observer as indicated by the 72,000 observations on
have made the B-26 strikes sustain unacceptable losses, which the report was based. It appears that what is
(The maximum number of B-26s in the theater was defined as a clear day by a ground observer is not a
232, and the production line had been stopped several clear day to an airborne observer.

year preiousy.)However, although this discussion is based on air-
4.1.2.2 All-Weather Capabilities borne observations, it has been assumed that if the

airplane can't see the ground. then it cannot be seen
Since one of the considerations in AFAADS is the from the ground. Two angles were selected for discus-

need for all-weather sensors, a brief survey has been sian. They are -90' and -30' from the horizon as -
made of the probahility that an aircraft may be ob-
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recorded by an airborne observer flying at the follow- Figures 4-8 through 4-I I. It is interesting to note that
ing altitudes: below 1800 ft, 1801 1o 3600 ft, 3601 to in all four graphs the aircraft can he seen a greater
7400 ft. 7401 to 14,999 ft, 15.000 to 24,999 ft, 25,000 percentage of the time at higher altitudes at -30- than
to 34,999 ft, 35.000 to 44.999 ft, and above 45.000 ft. directly overhead. On the average there is about a 50
Although observations were recorded as high as 45,000 percent probability that an aircraft at 5000-ft altitude
ft, AFAADS is only concerned with those obfervations will not be obscured by clouds.
below 15,000 feet. The observations were further
grouped into seasons: the winter season being Decem- A comparison was made in the report between air-
her, January, and February, the spring season being craft observations and surface cloud and sunshine --
March. April and May: the summer season being June, observations by McCabe.2 The differences were sub-
July. and August; and the fall season consisting of stantial. Some of this difference may be explained by
September, October. and November- Lund' who states: "Since the sunshine recorder does

not detect 'thin' clotds, the probability of a clear line-
Tables IV-3 through IV-6. representing the four of-sight, as defined in this paper, exceeds the probabil-

seasons, tabulate the probability of seeing an aircraft ity of a cloud-free line-of-sight by an amount equal to
from the ground. The probability is designated as low. the probability of 'thin' clouds, roughly 6 to 20 percent
mean, or high. The low probability represents the at the stations under study." More may be explained
lowest estimate of probability of seeing an aircraft for by the fact that smoke, haze, and ground fog are not
all sectors considered at a particular altitude and a detected by the sunshine recorder, yet their presence
particular season; the high probability represents the can be a serious obstruction to seeing the aircraft from
highest estimate of probability of seeing an aircraft for the ground.
all sectors considered at a particular altitude and a If the small sample of aircraft observations is repre-
particular season. The mean probability is the mean of sentative of the true relationship between probabilities
all these estimated probabilities. It should be noted that deduced from standard surface weather observations
each probability in any particular sector is based on no and the actual probability that air crews can see the
less than ten observations. These figures were derived ground, estimates of clear lines-of-sight from the air,
from a random sampling of observations obtained all based upon standard surface weather observations, are
over the Northern Hemisphere from 20WE westward very greatly inflated. Moreover, these observations
through 0 to I 10E longitude and from the equator to disclose that the aircraft can be seen less than 62
S0-N latitude. Graphs of the tables are shown in percent of the time.

Table IV-3. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of March,
April and May

Angle of Sight Altitude Probability of Sight No. of
I inirr of N" earr frorn Horizontal (feet) (pcrcent) Obwcrvation.

low mean high

Spring -90 1,800 29 76 tOO 393

spring -30 1.800 0 71 100 393

Spring -90 1.801 - 40 85 100 373
3,600

Spimng -30 1,801 - 40 77 100 373
3,660

Spi Irig -90 3.601- 0 70 too 373
7,400

Snrine .30 3.601 - 0 64 I 00 373 I
7.400

Spring -90 7.401 17 5I h9 2.509
15.000

Spring -30 7.401 - 9 45 100 2.509

15.000

006 '-4 10i
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Table IV-4. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of June,
July and August

Angle of Sight Altitude Probability of Sight No, of
Time of Year from Horizonul (feet) 1percent Observation,

mean
lowest over highest
yetor N Item sector

Summer -90 L800 So 7H 100 720

Summer -30 1,800 25 71 100 720

Summer -*0 1.801 - 0 59 100 768
3.600

- " Summer -30 1,801 - 0 52 100 768
3.600

Summer -90 3,601 - 0 49 96 1,180
7,400

Summer -30 3,601- 0 41 96 1.180
7,400

Summer -90 7,401 - 13 46 100 2.255
15.000

Summer -30 7,401 - 0 40 100 2.255
15.000

00678-411

Table IV-5. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of
September, October and November

Angle of Sight Altitude Piobability of Sight No of
Time of Year from Horizontal (feet) (percent) Obwrvation,

low mean high

Fall -90 1,800 30 81 100 0.107

Fall -30 1.800 30 76 100 1.10"

Fall -90 1.801 - 25 73 1o0 920
3.600

Vall -30 1.801 - 38 72 100 920
3.600

Fall -90 3,601 - 13 56 94 1.338
7,400

Fall -30 3,601- 13 52 0oo 1.348
7,400

Fall -90 7.401 - 13 44 95 3.3-K
15.000

Fall -30 7.401 - 0 37 84
15.000

ii067i -412
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Table IV-6. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of
December, January and February

AnItci A Sight Ailtitude Probability Of' Sight No. o 1
Time o1 Yeai from H-ortzontal (feet) (percent) Observations 1'

low mean high

Intel -90 1,800 58 93 100 1.358

Vinter .30 1800 45 82 100 1,35 b

% inter -90 1,801- 0 65 89 1,190
3.600

,intci -.30 1.801 - 27 65 89 1,190
,.600

U intet -90 3,601 - 20 50 80 2,330
7.400

inrater -30 3,601 - 14 46 80 2.330 ""
7,400

•,inteo -90 7,401• 0 39 100 7.719
15,000

%Intel -30 7,401 - 0 42 100 7.719
15.000

00678-413
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Figure 4-8. Mean Probability of Seeing an Aircraft from the Ground During the Months of March, April and
May 1
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Figure 4-10. Mean Probability of Seeing an Aircraft from the Ground During the Months of September.
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This position is further substantiated by an assess- bombers may attack simultaneously (or nearly so) from
ment of the visual tracking problem in the weather different directions. Some aircraft may deliver suppres-
environment of West Germany', which is as follows: sive fire while others attack a defended vital area.
"Visual control requires clear optical target sighting Attack helicopters may be likewise used in an orga-
and tracking, in which obviously the meteorological nized attack in which gun ships lay down suppressive
visibility factor will have a definite influence. In West fire on the antiaircraft units, while others launch U
Germany, for example, the meteorological visibility in missiles.
only 50 percent of all cases is 6 miles or more, in about25 percent of all cases it is 4-6 miles and in about 15 AFAADS can only shoot at one target at a timeI
percent. under 4 miles. The optical ground-to-air sight- However, rapidly switching from one target to another,
ing probability is even less and without prior warning as the first is destroyed or passes its weapon release
by forward observers is a maximum of 50 percent of point, will improve overall AFAADS system
the meteorological visibility, and with prior warning it effectiveness. I
can reach 70 percent. The absolute limit of optical At the fire unit level, this is accomplished by the fire
perception of aircraft with the naked eye is physically unit commander's decision to engage a new target, andlimited and in the optimum case is about 8 miles. its effectiveness is governed by the speed with which he
These factors therefore influence the capabilities and can cause the weapon to acquire the newly designated
limitations of AA systems using visual tracking.' target. He might do this by observing the plan position
4.1.2.3 Multiple Aircraft Attack indicator of the AFAADS surveillance radar, if one isprovided. Another option is to give the surveillance 3

Although this study is primarily concerned with the radar a multiple track maintenance capability, so that
one-on-one' problem, multiple aircraft attacks are a when a new target is designated by the commander, it
consideration in ov:rall system design, especially in the can immediately provide the fire control computer with
surveillance and target assignment activities, initial position and rates, thereby drastically reducing i-

the time to generate firing data against the new target.
One way of degrading a defense is to saturate it. The 4.1.2.4 Approach to the Targetmore aircraft that are within the defense boundary at a 4

given time. the higher the probability that at least one If the target aircraft has been driven to low altitude
will succeed in destroying the defended target. Fighter by the possibility of encountering a SAM defense, the

44 I
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Figure 4-1 1 Mean Probability of Seeing an Aircraft from the Ground During the Months of December,
January and February4-149I
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Figure 4-12. Low-Altitude Approach Techniques

height above ground level that can be maintained Figure 4-12 shows three types of low level approach.
depends on the terrain following equipment carried, At very high speeds the aircraft path is distorted only
the speed of the aircraft, and the ground roughness. hy major terrain prominences. At intermediate speeds
Ground 'roughness' can be characterized by the stan- closer conformity to terrain is possible. At very slow
dard deviation of terrain variations from a mean speeds terrain can be followed very closely. and in
value, and the power spectral density (or slope changes addition the aircraft can move freely in a horizontal
per mile. etc.) which describes how rapidly terrain plane to take advantage of terrain cover.
height varies.

A very simple model presented later in the report
The slower the airplane flies. the more exactly it is suggests that the mean height of an aircraft attempting

able to conform to terrain variations. At very high to follow terrain contours can be estimated by the
speeds it is limited by the pilot (human or automatic) expression:
plus airplane response, and the g-tolerance of the pilot
and crew. h 2 3(GvT) - (4.0)
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where _ iI
G is a number (dimensions in reet) characterizing

the terrain T
v is aircraft speed in ft/sec GUH TIARA%•

T is the aircraft/pilot response time in seconds
~~~LtNGTIRP AIN 1

h is expressed in feet. ,
-A&AN BW-.

Typical values of (G) may be as follows: ArTuIUD
IP|ETI T TE AR•AIIN"

DTetrain G

Smooth 0-2.5 ft

Moderate 2.5-10 ft I
Rough 10-25 ft ?0

Very rough 25 ft

(T) may be in the range 0.5 to 1.0 second. Helicopter
data from Fort Ord shows that the v' 2 relation is -_
actually found by experiment (see Figure 4-13). A '0 i
more accurate expression for very high speeds is given 0 X-

later in the report. TIRU, AIRSP.1o ,KNOTS"
00972.419

4.1.2.5 Pop-up Maneuver
When approIUacngtheutget aFigure 4-13. CH-47 Helicopter Data ShowingWhen approaching the target at very low altitude. at Relationship of Airspeed to the Mean Altitude

some predetermined distance from the target area. the
pilot may climb in preparation for his terminal attack
maneuver. Typically, thii may involve a pull-up at 4.1.2.6 Bombing Tactics
moderate acceleration (2g), with a climb attitude of
30'. and then a slow pushover into level flight as speed The following bombing tactics are representative of

drops- A more violent and abrupt pop-up might consist the tactics against which AFAADS must defend.

of a (3-5g) climb and roll, and then an inverted 4.1.2.6.1 Horizontal Bombing
pushover at the top, also at a high-g acceleration. The loci of bomb release points for level bombing at

In any case, the throttle may be advanced in the various altitudes and speeds is shown in Figure 4-14. Aclimb, to augment the kinetic energy traded for poten- simple empirical expression which fits the curves of the

tial energy. The end points of such a maneuver are figure is:
related by the equation:t, Rb = cIhli2(v+c,) (4.2)

h2 " h ~l = Vl v2")i2g) + P 's di (4.1) It is readily seen from the figure, where the 10.000-
t lft range envelope of AFAADS is sketched in, that if

where: AFAADS is at the defended point, the target can be
attacked by level bombing without the necessity of the

h - altitude bomber penetrating the AFAADS envelope. Disposi-
v = velocity, tion of AFAADS in an area defense makes this more

- veidifficult. However it is presumed that SAM defenses
P, - specific excess energy. have driven the bomber to under 3000 meters.

II
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Figure 4-14. Gravity Bomb Release Distance Graph

Subject to target acquisition problems. bombs can be time the pilot requires to set up his bomb computer

delivered in level flight at very low altitude by 'lay- and establish a stable sight line. The bomb release

down' techniques. Flights may be as low as 300 ft at points can be moved radially away from the target to

speeds of 400 to 900 knots. Fall of the bomb is then reduce aircraft vulnerability, but at the expense of

retarded by drogue chutes or retarding fins to allow the bomb circular probable error (CEP). The segments

aircraft to escape its own bomb pattern. shown in the figure represent time intervals of about
15 seconds, of which less than half is within the

When the target position is accurately known, it may sketched AFAADS defensive envelope,

be attacked by level bombing with the aircraft under

the control of equipment such as the AN/TPQ-l0. Speed is not constant along the segment. since the

This relieves the pilot of the target acquisition prob- airplane accelerates depending on the throttle setting

lern, allows attack at night or in bad weather; and and the angle of dive. For an 0.Sg acceleration, a

depending on terrain characteristics, allows low level linear predictor would, if directly to the side of the

run-in. dive plane, develop an along-course error. depending

4.1.2.6.2 Glide end Dive Bombing on smoothing time, of at least:

The distinction between using a glide or dive bomb- 19 ft at 1.5 sec time or flight

ing approach. depends on whether the attack path is 76 ft at 3.0 sec time of flight
less than or greater than 45'. Typically an approach
may be at very low altitude to the vicinity of the target. If the bomb is released at slant range (D.) and dive

then a pop.-up manuver could be executed (possibly in angle (0), the slant range of the closest approach to the

a climbing turn if the target is first sighted at low target by the attacking aircraft, assuming a constant-g

altitude), then circling out or range of the target pullup of radius (p). is:

defenses keeping the target in sight. then rolling in
and diving along a straight attack segment, and finally. = + 12)1 0 - (4.3)

breaking away at maximum 'g' after bomb release.

A possible sheaf of attack segments is shown in and if the airplane must pullup with a minimum

Figure 4-15. The length of a segment depends on the ground clearance (H-). then:
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SOW-- In bombing, strafing and firing rockets, pilots use the
attack symbology on the head-up display for aimingand tracking while in the dive, The pilot frst places the

aiming reticle on the target and depresses the designate
\9% button. He then is fiee to maneuver in the dive,
- although at the release point he must have the target in

. -.- line with a bombfall line (a vertically oriented line of
" ,predicted impact points) displayed on the head-up

I T. n ,display. Symbology also indicates when. to pull out of
I the dive. During the dive. sensors feed the computer

I information on dive, angle, airspeed, wind drift, alti-
'o~ . tude and range to the target and the computer calcu-sow lates the right time for release based on previously

L~c, s C 80"8 entered weapons ballistics.

The central computer is assisted in its job of keeping
ENTRY track of ordnance information by an armament stationYVELOCITY •

--EE ,, KC, 400 KNOTS -4,KNOTS control unit located in the left side of the fuselage and
TAPET 000 FEET in accessible to ground crewmen. This unit helps to econ-

omize the computer workload and provides a conve-
nient location for the ordnance crews to enter informa-
tion about the stores carried.

Fu -5.tgtnSgD e The A-7E, like the early A-7 models, has the sameFigure 4-1 5. Straight-Line Segments of Dive/Glide airframe and carries a variety of weapons includingBomb Paths the Texas Instruments Shrike anti-radiation missile, the

Walleye television glide bomb. Rockeve. Sadeye.

Weteye, Snakeye and Sidewinder missiles for defense.Hn = Hr - -s There are no plans at present to use the A-7 for

Dr - carrying Condor, Navy's large TV-guided standoff j-Dr sn0- (1- o )( . missile.

Latest electronic countermeasures gear. both passive
and active are built into the A-7E to assist in penetrat-

ing areas protected by radar networks, surface to air I
(H.) and (p) thus fix release range (D.) as a function missiles and anti-aircraft guns.'

of angle of dive (6) for the minimum feasible (D,). As
noted earlier, larger (D.) may be required because of
aircraft vulnerability. The expressions are only approx- 4.1.2.6.4 Low Altitude Bombing System (LABS) 1
imate, since the bomb trajectory is not straight, and the
airplane's trajectory deviates slightly from a straight A
line because of the sight angle to L.orrcci f1. tlob As the aircraft approaches the target at low altitude.;
ballistics, the pilot choo... his path to fly over a pred ter~rn•Jcheck point. He flies a prespecified distance beyond
4.1.2.6.3 Use of Advaneied Bombsight this point directly at the target, and then pulls up atabout 45 degrees. After the bomb is automatically

The straight line path segment described above may released, the pilot continues his pullup through a loop
be drastically shortened with future air-to-ground avi- and reversal of direction of flight.
onics. An unclassified description of the bombsight I
installed in the A-7 aircraft states: A rough idea of the distance of approach of the

aircraft to the target can be obtained by considering a"The bombing techniques possible with the A-7 in- vacuum trajectory for the bomb. The ground distance
clude the dive toss, used to train pilots, and others such travelled by the bomb from release to impact isas level, loft and over-the-shoulder. Steep angle bomb- approximately: Iing is viewed as the primary means and is the one

practiced mos, frequently.
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R - (V2/g) + hr (4.5)

where: ý

R ground distance -,-

v =release velocity ,

h, =release altitude (small) /

The radius of curvature of the aircraft in the loop is:

p = v2/ng (4.6) 0078423

Figure 4-1 6. Low-Altitude Bombing System
where: ng is the radial acceleration.

If n = 5. then the closest approach of the airplane /
to the target is about 0.8R. For a release velocity of
400 knots. (R) is over 10,000 ft, and thus it is seen that
the exposure of the aircraft to local defenses at the
target is minimal.

A variation of the LABS delivery termed. 'over-the-
shoulder,' can be used when the pilot does not acquire
the target until he passes over it. He may then loop
with the bomb released automatically at 90-120 de-
grees. The aircraft rolls and leaves before the bomb
completes its fall.

These maneuvers are illustrated in Figures 4-16 and Figure 4-17. The LABS Over-the-Shoulder Delivery

4-17. 4.1.2.7.2 Strafing (Guns)
Large unguided rockets may also be lofted by this Strafing may be conducted at rather shallow glide

method. In a typical pass, the airplane may pull up angles of 5-6 degrees (about 100 mils). If the firing
from about 200 feet, release at 800 feet, and continue segment begins at an altitude of 500-800 feet, the
through its loop, while the rocket travels 36,000 feet to initial range to target will be 5000-8000 feet, and with
target. a constant throttle setting, acceleration along the flight
4.1.2.7 Direct Fire Weapons Tactics path will be only about 0.10g. Figure 4-19 shows a

possible attack profile.
The following tactics are descriptive of the type of In strafing a troop column, the pattern shown could

tactics that may be encountered in the AFAADS envi- be initiated aiming first at the nearest end of the
ronment. column. A slow pullup. initiated early would cause the

4.1.2.7.1 Unguided Rocket Run bullets to strafe the whole column.

An entirely different attack pattern could be fol-
The tactical elements discussed for use in glide and lowed by an aircraft with guns depressed for ground

dive bombing apply in general to the delivery of strafing. Attack on a column could then be made by a
unguided rockets. Rocket dispersion is a function of level pass as low as 50 feet. firing continuously. A
aircraft velocity at release (decrease with increasing strafing attack might be made at supersonic speed,
velocity), but may-be of the order of 10 mils. limited only by the pilot's ability to see the target.

4.1.2.7.3 Air to Surface Missile (Guided All the

Figure 4-18 shows an attack profile including an Way)
approach at low level; pop-up to 5000-7000 feet; In the case of short range missiles (up to 2 nautical
pushover to a 30-degree dive; straight run to rocket, miles) the launch vehicle (helicopter) may come within
release at 5000 feet slant range from target. and range of AFAADS. Figure 4-20 illustrates a possible
pullout. For a 5000-foot release, rocket CEP will be pop-up' maneuver whereby the helicopter rises above
about 50 feet. a terrain prominence, acquires its target. launches its
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Terrain following atrtraft will be important targets
for the AFAADS system. The object of terrain follow-

,,• ing is to delay detection by ground radars and observ-
ers, and to remain, if possible, under the low altitude40+ .,coveýrage Emits or SAMS, This brings the aircraft

within the altitude limits of AFAADS. However. ter-
S/+ rain following cormplicates the gun prediction problem.

since the airplane follows an irregular flight path
conforming to some degree to ground contours. The

,GUEo flight path of terrain following ai~craft has both deter-
ministic and stochastic elements- If the fire control
computer stored local terrain data, this could be used
in improving prediction. On the other hand, the actual
flight path. although driven by the terrain contour,
varies depending on the dynamics of the terrain fol-
lowing control (automatic or human), the errors of the

RG control ssstem, and random deviations from the de-
/0 j ""'c sired path produced by air turbulence.

The category of free maneuver includes evasive
action commanded by the pilot which is constrained
only bv the dynamics of the aircraft and the pilot's

OM?427 desire to minimize exposure time to fire. Rather than
fly straight and level over defended areas en route to

Figure 4-20. Tow-Type Missile Launch from a target. the pilot may, if he is not contour flying. make
Helicopter small course and altitude changes at frequent iitervals.

Since relatively small accelerations can produce prt.,Iic-
lion errors much larger than gun dispersion, suct

missile, and remains in sight while maneuvering, but "jinking" will degrade the fire control system and must
holding a line of sight to target until missile impact. be evaluated
Exposure time would not exceed: time to acquire the
target plus flight time of the missile. The most important phase of the target aircraft's

trajectory from the point of view of AFAADS is the
4.1.2.8 Threat Effectiveness "end game,* i.e.. the attack on a ground target. Most

As a rough indication of the effectiveness of aircraft U.S. aircraft losses in Korea and Vietnam to ground
with some of the weapons discussed, circular probable fire are believed to have occurred in this phase. De-
errors (CEP) mentioned in unclassified literature have pending on the type of weapon carried by the aircraft
been collected in Table IV-7. No che•.k of validity of and the characteristics of its fire control system, the
these values has been made. aircraft's freedom to maneuver, during weapon deliv-

erv. is restricted and therefore accurate weapon deliv-
4.1.3 The Flight Trajectory erv may require that the aircraft fly a straight line path

fox 5-i(t) seconds or longer. Maneuvers prior to thisIn this section the characteristics of the target air- flight seement maiy also be limited by the pilot's need
craft's flight trajectory are developed for use later in to acquire the target and keep it in sight while he
the tracking. filtering, and prediction phases of the positions himself for his attack run. After weapon
stud%'. It is convenient to develop the trajectory charac- release, the pilot may pull maximum 'g" in breakaway
teristics under the general headings of turbulence, but his attack path may have brought him to within
terrain following, free maneuver, and attack on ground very close range of the .FAADS defending the target.
targets. as indicated in Figure 4-2 I. 4.1.3.1 Air Turbulence

The influence of air turbulence on the aircraft mo-

tion is best described statistically. It causes flight path In the analysis of fire control systems for heavr
deviations from the mean which may be sufficiently antiaircraft during World War Ii and shortly thereaf-
large to require consideration in both the tracking and ter. it \,as recognized that a principal component of
prediction problem. It also causes aircraft accelerations prediction error resulted from ,hat was called 'rough-
at low altitude which limit the ability of the pilot to do ness of flight.' Since projectile times of flight were as
close terrain following. long as 30 seconds. the desration of the airpiane from
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Table IV 7 Typical Air-to-Surface Munitions Circular Probable Errors*I 
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a straight line. caused simply by Air turbulence, could [efine.
amount to a component equal to the other errors or the (ll spectral densov function of •crtial or lateral
system, even when the aircraft was not deliveratelv turbulePcei ftli- rid-sic- )
evading. u d'ft

The effet is expected to he much less for the short 1 1)= rmoriialized spccttal density function(radft)I
times or flight of AFAADS, however, to determine G ris pnst vclocit alo
this, a brief review of the effect of air turbulence on u.v ng vertical, lateral axisI the aircraft is appropriate. R(sl = normalized autocovariancc

Air turbulence may affect AFAADS system perform- = lae tit)
ance in the following ways: I. = 'Scale f Turbulence (ft)

a. It prevents the aircraft from flying an unacceler- The normalization is taken to result in:
ated course, even though the pilot may be trying
to fly 'straight and level.' t l(E1 M o-4)(Q2) 14.7)

b. The resulting aircraft perturbations will affect the
tracking process, and to the degree that they are
unpredictable, they will contribute to the predic- f d 1.0 (4.8)
tion error.

c. The angular aircraft motions resulting from tur-
bulence will affect the 'glint' component of radar The power spectral density and the autocovariance arc
tracking error. related by:

d. The accelerations produced by turbulent air will
limit the capability of the target to do terrain R(s) f +(2) eos E2s d2 (4.9)
contour flying in rough air. .0

4.1.3.1.1 Characteristics of Turbulence
@Ft ~R) = c R(s) os Žsds (4.10)

Air turbulence may be accurately represented over 0
very long flight segments as a stationary random Some of the closely equivalent forms which have
process. It is remarkable that the form of the power been used to describe the power spectral density, and.
spectral density function is essentially constant for all in the simpler cases, their corresponding autocovari-
altitudes and meteorological conditions, and moreover. ances are as follows:
corresponds to that determined originally by von Kar- Von Karman" (Q) L I +18 3)( 1.339LM)-
man from theoretical considerations. I1 + ( 1_339LM)-]1 I 6

Turbulence may be considered in three orthogonal (4.1 1)

components. one along the flight path (longitudinal).
one vertical, and the horizontal perpendicular to both b. Dr. deni ,(.)= L I + 32.L2
(lateral). H ( + E2-L-)2

Measurements confirm that the lateral and vertical R(s) = (I _ 4-sL.13

power spectral density functions are essentially identi- 2 L
cal. and that they differ from that for the longitudinal
component. The longitudinal component has the least Lppeý (1)(2) = L (4-14)
effect on aircraft displacements and will not be consid- I +
ered here.

4.1.3.1.2 Spectral Density Functions Rw I I I-- Ni )
We first define the characteristics of atmospheric

turbulence independently of the aircraft, then intro-
duce the dynamics of the aircraft. -Ve) • cos( 14 .1)

4-23



""MddaLl (I -a)L-1 a further reason for interest. The Dryden autocovari-
d. fed = +!I +(L'-)J ance has a positive and negative segment, as shown in
Lippe +--Figure 4-22; so that its value iR\.close to zero beyond

(4.16) S/L = 2.0. The Lappe function,' on the other hand,
decays much more slowly and sugge'sts that the result-

-s/LI -.s/L, ing displacements of the airplane may be substantially
R(s) = ae + (1 - a)c " higher than if the Dryden function held.-

(4.17) The disagreeable form of the Lappe autocovariance,
In all cases except the von Karman function, ()) involving sine and cosine integrals, can be avoided, by

drops off as W for a large f) . For the von Karman approximating R(s) as the sum of two exponentials.
function, the asymptote is 1""'" . As instrumentation This creates what we call the Modified Lappe function.
has improved, the 1 I/6 power has been determined to It is equivalent to the Lappe and more tractable for
be a better representation. The difference is negligible analysis.
for present purposes and so we use the simpler forms. Figure 4-23 shows typical ranges of (o'-) experienced

At the low frequency end of the spectrum, the in B-66 tests.
Dryden and von Karman functions are asymptotically
equal, but the Lappe function has an asymptote almost 4.1.3.1.3 Parameters
three times as large. Lappe proposed his function
based entirely on experimental data, including that Once the mathematical form has been chosen, the
taken in low level flight with the B-66. A recent power spectral density is completely defined by two
analysis of additional experimental data disagrees with parameters; the rms gust velocity, and the scale of
Lappe's finding, and the question of which form is turbulence (L).
best for low frequencies seems to be still unresolved. Both the rms gust velocity and Icale length (L)

The relevance to the present problem is that the low depend on surface roughness (terrain type), height
frequency end of the spectrum contributes most to above the surface, wind conditions (both velocity and
airplane displacement, which is our central concern, shear), and atmospheric stability.
Comparison of the autocovariance functions illustrates

to

8\

RI,4LI /LAPWE
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2
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L

Figure 4-22. Comparison of Lappe and Dryden Autocovariance Functions 00678.429
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Figure 4-23. Relative Frequency Distributions of rms Gust Velocity from B-66 Programs.

Bases for estimating (or) and (L) for particular sets The rn's gust velocity increases with mean wind
of terrain -altitude- meteorological conditions are given velocity at flight altitude. with terrain roughness. and
in the reference literature."1 

1""9 In this program we with atmospheric instability. Since the ratio of mean
are interested primarily in low altitude turbulence, wind velocitv at altitude to surface wind increases with
where the terrain effect is important, altitude bec~ause of boundary laver effect. rn's gust

velocity for a given surface ' md velocit increases
In general, the rougher the terrain (mountains con'- with altitude, Values in the range of 3-7 feet/second

pared with farmland), the larger the value of (L). (L) seenm reasonable for present purposes.
increases rapidly with altitude to about 1000 feet and
more slovwlv thereafter. At all altitudes. (LU increases Convective storm turbulence is much more severe
with increasing instability of the atmosphere. It seems than non-storm turbulence and will not be considered
reasonable to consider (UL in the range 500-1500 feet here.
in the present analysis.
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4.1.314 Sampling of the Gust Spectrum by the will act to prevent excessive deviations from the de-
Airplane sired altitude. In the mid-portion of the spectrum, the

disturbance is too rapid for the pilot's response. and
the por,,er ,.leitral Jenstts lunction, have been the airplane moves in accordance with relative angle of

delined in term% of linear extent As the airplane flies attack changes caused by the gust velocity. At the vern,
through the gust ortricture, the powver specral density high end or the spectrum, lift changes (w'hich require

,,I Fu,. maynitudes. Ahich it cxperience%. ,cale%, %,ith aircraft travel of about 6-10 chord lengths to reach a
the velocit.s The forcing function on the airpl iCe is steady statei cannot follow the gust fluctuations, and
then: there is additionally reduced airplane displacement. I

Consider the mid-range first. Assuming that the
,l) . -l,1 airplane remains level its vertical displacement in

response to a gust is given by:

T = u (41+)
s.,. :ui- • = .,

Figure 4-24 shows the normalized Dryden spectrum where:
for L - 1000 feet as experienced by airplanes at three
different velocities. The abscissa is shown in cylces per z = vertical displacement
second. (f). where:

fu gust velocity

Consequently. the faster the airplane the larger the Ta = (4-20)
high frequency content of the gust spectrum which it Pa 2 VCLa
experiences.

4.1.3.1.5 Vertical Response of the Airplane W;S = wing loading

The vertical displacement of the airplane caused by g = acceleration of gravity
gusts may be discussed in terms of the low. medium. g
and high portions of the gust spectrum. At the low"requency end, the pilot (either human or autopilot) p(slugsIft)

S~250 F T SEC

01

S~I

,i I

So, t

I MAD SECE

Figure 4-24. Normalized Dryden Spectrum for L 1000 feet
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ir--arcrttl velocity 5'|

' lopc tit' the lift curve (tad" )

If the transfer function of the response of the a
airplane, (M.), (displacement. velocity, or acceleration,
etc.) to gust velocity (u) is T, (iw). then the mean ,a,4
square value of the airplane's response to the gust =

spectrum is t 'i

oc
i -Uo- rb(Q1 I T.(iQ\V. .2 d.Q 4.21) 1 - .2 -1 6 dx (4coM

uj _ __ ___-_-_I __×-

where: w =2V Although these expressions can be easily integrated.

we note simply that for small (hN.
Fort the Dir,.den jpc,. i 1 -1

The values of T (iw) corresponding to (4.19) are:

Displacement: (2 l (4.22) 1 -2 (4)4. 221 '2Ta) "( atm + X ,

Velcit: j I~ 1 (23 and for the moindfied Lippe vpecrtirum

-)o t -a 2  1(430)
Acceleration: L2 . 2T (4.24)

( Some typical values of (Tj) for a variety of aircraft

We see at once that we cannot use (4.22) over the are shown in Table lX'-8.
whole gust spectrum since the integral is unboundAd. Using the Dryden spectrum for an example, we note
Of more direct interest, however, is the mean square that for a turbulence scale length of 1000 feet. an
deviation of the airplane from an observed position in airplane flving 1000 feet/second with a (T.) of 0.38

some time (t, If the deviation is (,A.. the transfer second will have a rms displacement, caused by a 3
function is: feet/second gust structure, of about 5.5 feet in 3

seconds. Since X is independent of airplane velocity, we

A:u e I p t (4.2tl would not expect the deviation to change with velocitv.

p(l + p~a) The very small value of 5.5 feet suggests that, to he
degree the above assessment is correct, we need not

and: consider turbulence as a significant error zource for
AFAADS.

- Cos Coto 4.20) The assumption of a level airplane is prohably not

1A 1 2 (1 + :T2)sufficient. however, to explain the effects of turbulence

on vertical motion. for reasons discussed in the follow-

For the Drydcn spectrum: ing paragraphs.

4.1.3.1.6 Comparison with Experimental Data

= L -t-3xM(l cosbx) dx (4.27) One of the best experimental and anlytical studies of

u 0o x-i 1x 0 +'1x-) the 'roughness of flight' of aircraft swas carried out bv
"Dr. Glanville Harries.' 3 He obtained power spectral

where: densities (PSD) of the lateral and vertical motion
which are replotted in Figure 4-25.

x = LO These PSD,, peak at about 0.020 and 0-032 cps.

"v1 corresponding to lightly damped oscillations with peri-

b =T ods of about 50 and 30 seconds. It is suggested that the
L gust spectrum. which is uniform over this frequency

range, is exciting the phugoid plus pilot mode in
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Table IV-8 Typical Values of T.

AlItlude
W j•r at t (1':0 Mich (to0 ft Tj (%et ) "

I ,,'.' \ltiudc t ;I04 0.90 0 0 38
ihghl Sj,':vd

1 -94( 960 086 0 034

B-5.1 675 060 0 091

lade F-106H 1936 20 40 1.27

1 94C 715 0.73 1.34

B-52 747 0.77 56 5 50

1,)% iiudc F7-6AiF4D-t) 202 0.18 1.12
L.Jn dul;l %pproj~li

F -10614 222 0.20 1,27

I -94C 235 021 0 1.45

RA-5C 211 0.19 0 1.75

B-52 333 0.30 2 2.! 8
00678-432

AVI TERAL

010TI10

00067BA3

Figure 4-25 Power Spectral Density of Aircraft Motion Caused by Air Turbulence
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vertical motion, and the Dutch-roll plus pilot mode in under autopilot. Above 5000 feet for the same
lateral motion. The major source of damping of these aircraft, the deviations was 18 feet for autopilot;
modes is provided (for airplanes without yaw dampers but the sample for manual control was too small
or more complex autopilots) by aerodynamic drag. for fair comparison. The general observation was
Since this source is proportionately less for high speed made that an autopilot with altitude hold main-
airplanes. this may explain why Harries' data show an tained the deviations to about half the value
increase in the 'flight roughness' effect across airplane achieved by the man. and an autopilot without
types of increasing design speeds. We remain uncon- aliuehdwsinrm itebwenhewo
vinced that the flight roughness magnitude will in- atiuehlwsinrmdtebwenhewo
crease for a given airplane as its speed is increased. 4.1.3.1.7 Summary

Flight roughness will have only a small effect on
It is of course easy to determine that accelerations AFAADS effectiveness when the target is not deliber-

experienced in a given gust structure increase rapidly ately evading. The slow decay of the autocorrelation
as airplane speed is increased. with time requaires that the effect be considered as

cssentially constant during a one-second firing se-
Harries found, for the Vampire aircraft (350 mph). quence. but randomnly distributed across widely spaced

that a 5-second smoothing time with least squares sequences- A better analytical model relating flight
linear extrapolation, gave a flight roughness prediction roughness. the airplane plus pilot dynamics. and the
error of about 6 feet in each coordina-.2 normal to the gust structure would be very helpful.
flight direction, per second of prediction. This is a
rather larger value than the estimate obtained assum- 4.1.3.2 Terrain Following
ing a level airplane, and consequently indicates that To place 'terrain following' in a historical perspec-
the level airplane model is insufficient. Harries also tive, we czn hardly do better than to quote from the
showed, for vertical motion, a direct correlation of this autobiography"8 olf Major James McCudden. British
fact.-r with the quantity we have called T.'. Ace of WWI:

Further investigation of the correlation between the 'Xmas, 1913 came. and with it cold and frosty
gust structure and the displacement of the airplane weather and also a good deal of flying. On Boxing
would be of considerable interest. For the present Day ... we got the old Bleriot No. 292 out and went
study, we use values based on Harries' experimental 'Contour chasing' over the Plain....For the benefit of
results, the uninitiated one may explain that 'contour chasing'

We also note that the autocorrelations obtained by means flying close to the ground, following its contours
Harries were: down into valleys and up hill-sides. It is a dangerous

form of sport as there is no chance of pick~ing a
Vertical R (s) -= cos 0.2s landing place if the engine stops. but it is quite amus-

Lateal R(s) ~' cs 0.12sing. and it is a form of flying worth practicing becauseLateal (s - e" cs 012sof its value in war.'
The exponential terms decay so slowly that the

effect of flight roughness falls into that category The reasons for 'contour chasing' have not changed.
of disturbances which are essentially constant in i.e.. to deny the enemy early warning, and avoid
magnitude during the prediction period, and ground firc. McCudden's memoirs also contain de-
randomly distributed across widely separated tailed descriptions, absent in most pilot remniniscences.
intervals, of the effectiveness of ground fire of all calibers

against military aviation even in Lhe earliest days of
Although Harres does not give the variances the use of aircraft in warfare.

associated with the above autocorrelations, some Inadtotoceigprbmsndtcinad
rough calculation indicates that a standard devia- Indito toceigprbmsndtcinad
tion of 20 feet, associated with the autocorrelation acquisition. an airplane attempting fo fly as low as
functions. would give a prediction error of 6 feet posbeyflowntraicnorseeatsn

prsecond of time of flight between 5 and 10 irregular flight path which may cri'ate problems in
perod t) o eodsotig flight path prediction for AFAADS. In this section.

secods tp) fo S scon smothng.some of the rcsulting flight path characteristicq are
The fact that aircraft deviations from a mean described and the effcct of this input variation on the

flight path is caused by air turbulence are rather prediction problem is assessed.
small is indicated by a study of altitude deviations While recognizing toat helicopters and 'slow' air-
in general aviation which indicate, for example, craft will weas.e in direction around terrain promi-
that an F-27 aircraft flying at below 5000 feet necs fgetriporcance are altitude "ariations.
showed a 56-feet standard deviation from refer- nnesofretri
ence altitude under manual control, and 13.0 feet
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and the path changes in a horizontal plane that princi. Figure 4-26 shows some PSiŽs used in an Air Force
pall)y affect exposure time As will be seen, altitude paper2", and apparently those were derived from a
variation, in themselves rose a major prediction Cornell paper" which pioneered this type of analysis.
problem. Another useful study by Ling Temco Vought 2' is corn-

First note that AFAADS might consider terrain patible over the frequency range of interest to us. but
effects in two ways. One is to put local terrain explicitly shows a second break frequency at wavelengths shorter
into the computer. There may he som, advantage (and than about 600 feet which appears to be inconsistent
there is certainly increased system cost) in this ap- with the PSDs computed for microstructure and --

proach since tnv local terrain configuration will proba- charted in Bekker's compendium."
blv differ suhstantiallv from the average terrain char-
acteristics of the general region surrounding the site. The above relationship allows us to describe a ter-
This approach may he cut to feasible dimensions bv rain sample by the standard deviation (o'-) and a
recognizing that only a gross representation would be characteristic length L. Table IV-9 collects some sam-
necessar,, to adequately describe the local terrain re- pies of these parameters from several references which
strictions on low altitude flight, appear compatible with our present objectives.

The second approach. and one which is used in this 4.1.3.21 Upper Limit to Flight Path Deviation
section to size the problem is to consider a statistical
description of terrain, and to determine how large the To obtain an upper limit on flight path deviation
flight path deviations are likely to be for an airplane caused by terrain following, assume that the airplane
doing terrain following. follows the terrain contour perfectly at some constant

Terrain can be described in statistical terms similar height above the terrain. This is, of course, not possible

to those used to discuss the effects of air turbulence. A and will be later modified. However, it does give a first
number of measurements have been made of the approximation to the desired result. Assume that the
power spectral densities (PSD) of terrain irregularities, airplane is observed at (t) and determine its mean
From measurements of ground elevation from a hori- square deviation from the observed height at time (t +
zontal straight line, power spectral densities can be t.). This is obtained as:
computed. and these, together with the rms variation
of elevation from the mean terrain height over the /- 4 T (I- cos bx)dx
measured segment, provide similar inputs for analysis 't!= 2J2
to those which were used for air turbulence. It is 0 +x

interesting that the distribution of such deviations has
been determined in several analyses to be adequately = 2(1-e b) b = Vto (4.32)

represented by a normal distribution.

One of the problems in using the PSDs. available in For small b:

the literature, is the usual one of estimating the PSD of 2 L
a process from records of limited length. Persons (°a/at), -E 2/vto/L) (4.33)

interested in terrain microstructure(e.g.. for cross-coun-
try vehicle movements) tend to consider large terrain
variations as trends to be subtracted out before com-
puting PSD. On the other hand, computations of PSD .
for macrostructure including hills and mountains. 0- Gt (2vto) (4.34)

properly omit the fine detail of short wavelength. The
result is that the measured variances tend to be sensi-
tive to the objective of the analysis, and in the case ofmacosrutur PDtheslpeofthe PSD for high (G,) is defined as the terrain roughness measure, It
macrostructure PSD, the slope of th S o ih collects in one term, the two descriptive parameters
frequencies is steeper than would be compatable with W(-,) and (L).It Icorresponds to the terrain roughness

that obtained in microstructure PS~s. factor (F) used by LTV.,' but has the simple dimension

In the following analysis, we choose to represent the of feet. The correspondence is shown in Table I,- 10.

terrain PSD hy the function: For a moderate terrain roughness (G, = 9 feet) and

a time of flight of 3.0 seconds, we find a- = 230 ft for I
0-• (4.311 a 1000 f/s aircraft, and 160 feet for a 500 f/s aircraft.
t= 'T" I 22L Clearly the potential effect on AFAADS prediction

error is very large. I
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Table IV-9. Terrain Standard Deviation and Characteristic Length Data

Stdndard CharacCteristi
Dc%, litilon Lcmntih

AXrea Source O Il It). 1 t)

Tunguska Plateau. USSR LTV 
2 7  

Pg. 8 141 12 500
I ModCatC)

Korea Highlands, Korea LTV
2 7  Pg. 8 683 9,990

I Rough)

Lam. rcnc. Kanas Ha' re and Moore29 s (13 h 4010
(Para. 8 21

Ivcc, Nos. Aniona Hayre and Moore29 49 7IS
(Para. 8 2)

I urtic Mountain. Hal re and Moore 29 s.2 I.420
North Dakota (Para. 8.21

Gila R•ver, Arizona Hayre and Moore 29 13 6 1 .t8(l
I Para. 8.2)

', hitv River. Arizona Ha, re and Moore 5.18 -40

(Para. 8 2)

"9
Mountain Park. Hal re and Moore9 1,030 3.650
Newy MSxico (Para. 8.21

Sandia Park, Hayre and N1..orc 
2 9  250 1.010

New %Mexico (Para. 8 2)

Meadow Springs Cany on Erickson 290 9.350
(Wairly SmoothI (Para. 8 3"

Meadow Springs Canyon Fricksom: -230 I.•,o
(Moderately Rough) (Para. ,i

Meadow Spring Canyon Erickson
3 0  

250 1.341)
I Rough) I Para. 9 3)

Meadow Springs Canyon Erick .'-"' 3)0 1.560
(Very Rough) (Para 8 3)

01)6-8-43h

Table IV-10. Comparison ot Terrain Roughness Factors

Tcrr,'mn Roughne~s saloahrs

Terrain Type F (LTV) (F

Smooth 0-50 0-25

Moderate 50+100 !0

Rough 100-ISO 10-23

Very Rough > ISO >23

006'9-4 36
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Then:

Eih, =sT.4 + sT) :s d/dt (4.37)

II
2,6AMO, . 4- oa.ad,

DV A' , (LIV) d, (-Tc)' (4.38)

(Oe!O) r + (L )2 I + (•.Tc)VI
= /(l+ ); X = VTc/L

,.:4 ,63 '32 561 1.1° 0 1

CIC..ES -E- A CAL %..E If we now assume that the pilot will tend to set (0 ) I
of sufficient magnitude that the probability of a devia-
tion (-E; hk) is very small, for example: h0 - 3o-. we

D0678-434 find:I

Figure 4-26. Power Spectra' Densities forX 1 Oe 2 c

4.1.3.2.2 Contour Chasing Ability of Aircraft ho_3(GtVTc)I 2  (439)

The exact description of what goes on when an and we expect mean height above terrain to increase as
airplane attempts to fly as low as possible for extended the square root of aircraft speed.
periods of time is comp!ex and involves not only the The data, presented previously in Figure 4-13 for
characteristics of the terrain, but the airplane sensors

and control system, pilot response. etc. We develop CH-47 helicopters, confirm this trend. The data are
y consistent with a value of(Tj)0.5 sec.

here a very simple aggregated type of model, which is
consistent with a limited amount of experimental data, Using the above relationships to determine the vari-
and allows us to interpret terrain PSDs in terms of ance of the aircraft deviation from a straight line path
inputs to AFAADS. (0r,2), we find:

Assume that the pilot is attempting to maintain a
constant height (h.) above the terrain surface and
define the following quantities on a vertical axis 1= (I +X (4.40)
through the airplane at time (t): 

1
and if (A) << 1.0. the variance is very nearly equal to

h, - terrain height above its mean the variance of the terrain itself.

h - aircraft height abo•-the terrain nmean With (T)) 0.5 sec. the break frequency of thecontrol loop is at 2 rad/sec This is generally higher
E = aircraft deviation fry!n the hI, desired by the than the break frequency of the terrain PSD when

pilot sampled at aircraft speeds up to sonic. I
Then: We therefore conclude that we can approximate the

E = h Io - (4.35) PSD of aircraft vertical deviations in terrain following
by using the PSD of the terrain, converted to a func-
tion of rad/sec by introducing aircraft velocity. ThisNow mike the simplest possible assumption regard- approximation is in the form-

ing the conrtrl law, namely that the rate of change of
aircraft -••Iitude is proportional to the error: (L'v) dcw

- -~ t4.41p

dh:dt = -EITc (4.36) 1 +(LwV)

Typical PSDs in this form are shown in Figure
where: T, - a tim.- constant aggregating pilot (human 4-27. l
or automatin.l and eircraft characteristics.
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Figure 4-27. Power Spectral Density of Vertical Figure 4-28. Effect of Maximum Sustained
Aircraft Motion in Terrain Following Accelerations for Human Pilots

4.1.3.2.3 Aireratt Acceleration c The mean square deviation of the airplane from

The simple model developed thus far may be ex- the most recent measurement during a 3-second
tended to determine the implications in terms of the time of flight can be 100 feet or more,
mean square acceleration experienced by the aircraft in d. A prediction algorithm using altitude rate will be
terrain following. To obtain convergence of the inte- relativel ineffective and may generate a predic.
gral it would be necessary to include at least one more tion error substantially greater than 100 feet.
high-frequency attenuation term in the control model.
This has not yet been worked through. It is therefore concluded that 'contour chasing' rep-

resents a unique problem for the development of
For reference. Figure 4-28 shows the maximum altitude prediction algorithms. The report section on

sustained accelerations which have been indicated for prediction will examine this problem in greater detail.
human pilots". with effects as listed in Table lV-I l. It may be that the best solution is to make no altitude

For random vertical accelerations, of the sort experi- prediction below some minimum altitude. i.e.. assume
enced in contour flying, a reference for frequencies that 'future' altitude equals 'present' altitude.
below 1 Hz has not yet been located, but Figure 4-29 4.1.3.3 Energy Concept of Maneuverability
from Bekkera summarizes some findings for frequen-
cies above I Hz. It seems unlikely that the pilot would The total energy of an aircraft at any time is thewillingly experience a sustained rms acceleration of sum of its potential and kinetic energies. It can add to
random nature of more than 0.3 to 0.5g. Increasing this sum b', advancing the throttle, or lighting the
aircraft speed might therefore be associated with larger afterburner, or it can subtract from the total by drop-
effective (T,) for a given terrain profile. ping drag flaps, or retarding the throttle and allowing

As input functions the PSDs (shown in Figure 4-28) energy to be dissipated as drag. Increasing or decreas-
have the following characteristics:: ing total energy is. however, a slow process compared

with the facilit, with which potential can he traded for

a. The break frequency is well below that of the kinetic and vice versa, by manipulation of the controls.
AFAADS tracker (man or automatic), so that the It was observed man) years ago. when a large number
tracking system should be able to track the mo- of evasive aircraft paths was analyied3 5 , that rather
tion. large changes in alti' :de and speed could take place

b. The PSD corresponds to an autocovariance func- with very small associated changes in the sum of
lion of the form (e' ). It is well known that the kinetic and potential energies.
best prediction function for a stochastic variable Recently. the 'energy concept of maneuverability'
of this form is an interpolation between the most has been applied to the evaluation of fighter aircraft
recent measurement and the mean of past meca- by Major Boyd. and a great deal of basic information
suremenis.
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has been accumulated on the rate at which aircraft can The contour Ps 0 hounds the region in which the

change total energy. aircraft can maintain steady flight. At a particular

point in the region. the corresponding value of (Po)
Since we are interested in relatively short prediction indicates the range of dh/dt and dv/dt which are

times (a few seconds) for AFAADS, we are interested accessible to the aircraft. For example, if dh/dt - 0.

in determining whether it is teasible to capitalize on then:
the relative invariance of total energy in the prediction
algorithms. The most likely application is to apply a
correction to the prediction vector along the flight path 1 = PsJV 14.49)

to correct for acceleration in a dive, or deceleration in 1(dvdt) 'gnax
a turn. Since the first order correction is derivable
from velocity measurements only. no additional noise and if dv dt = 0.
is introduced in the prediction process. The appropri-

ate algorithms are developed later in this report. (dhldt)max = Ps (4.50)

The following paragraphs review briefly the energy
relationships, when energy is increasing or decreasing. For le FI04G aircraft whose (P,) contours were

to indicate the rates of change which can be attained, shown in Figure 4.2 as solid lines and reading the
contours at sea level, values were obtained for maxi-

4.1.3.3.1 Rate of Chang* of Energy mum horizontal acceleration in 'g' (by lighting the
afterburner) and maximum rate of climb in feet/

The total energy of an airplane at altitude (h) and seconds as shown in Table IV-12. The F1040 has a

speed (v) is: maximum T/W of about 0.85.

Note in the table that at about Mach 0.7 the maxi-

E =mhg + 2 mv" (4.42) mum acceleration approaches T/W. Fighter-bombers

and light bombers will have lower T/W and their
wlicre: n = W g. = airplane weight. maximum positive acceleration along the flight path

The specific energy is defined as energy per pound, and will be !ess. These accelerations are, in any case, small

is: compared with that perpendicular to the flight path

which ate limited only by the pilot's 'g' tolerance and
E = EW = i + (v- 2g) (4.43) the aircraft structural strength.

The rate of change of specific energy is: The maximum dh/dt indicated corresponds to a

climb angle of about 40 degrees. The time to change
dEsdt =dh.dt + (v'g) dv dt (4.44) path angle by (0). at speed (v) and radial acceleration

and is denoted by the symbol (P,): (ng) is:

t= Ov~ng (4.51 )
Ps = dEs dt 

(4.45)

P, can aiso be derived from the thrust-drag balance of A Sg pullup, initiated at 1000 f/s, would require

the airplane: about 5 seconds to reach a 40-degree climb angle.

rn dv~dt = T -D -.'AW sinO (4.46) If we conclude that the maximum acceleration along

where: T - thrust. D = Drag. and 0 - angle of the flight path which can be expected from a high

climb, This expression can be written in the form: performance fighter in the clean configuration is about .
0.8g (resulting from thrust alone), and that fighter-

(T - D) %.W = dh dt + WvOdvidt (4.4 7) bombers with stores and light tactical bombers may

from %4hich: develop a maximum of perhaps 0.4g. then we infer
that a correction to the prediction algorithm, based on

Ps = (T - D) v W (4.48) the gravity acceleration of flight path inclination, alone

This quantity can be computed in the v-h plane for a will give us a useful improvement in prediction. This is

particular aircraft design in steady flight.*

"P, contour, thanke %hcn the aircraft if no[ an ctead, Hight for e-n mple duer tA

a pull.up Simijar contours can be computedfor a steady 5R turn. etc.
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Table IV- 11. Effect of Short Duration 'Eyeballs in' Acceleration

Efftcts

2 5-7.0 Visual ,,ni;,toms appear

3.5.8.0 Ilajk•.i':

40@8 U tu' l. L',- 51- J! I . >,llC1

18-23 Stitl. turfa Jainagc. tlk ,. , ,p',mC

00(67ý-4 ",II
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Figure 4-29. Tolerance to Vibrations based on ias -ow 3fter Bauer (1963) and Van Deuser (1965) as
prepwL * So 969)

equivalent to assuming constant total energy, and .. • wings or blacking out. By lighting his afterburner.
implemented simply by computing rate of change oi or conversely. cutting the engine and opening drag
velocity (v) along the flight path as: flaps he can generate less than Ig along the flight path,

to which he can add or subtract up to Ig in a climb or
dv/dt = -g sing = .g(dhfdi)/v (4.52) dive. This suggests that accelerations greater than 1-2g

along the flight path are unlikely, as compared with 8g
4.1.3.4 Target Deceleration in Turn perpendicular to the flight path.

As we have noted in the preceding section, the On second thought. however, one realizes tht the 8 g
principal means a pilot has for accelerating his air- lift doesn't come free. Lift causes 'induced' drag. and
plane is to pull back the stick. He can generate as high very large induced drag is produced by high lift coef-
as 8g that way; more if he doesn't worry about losing ficients. We estimate this effect below.
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Table IV-12. Maneuver Capability of Airplane with T/W 0.85 at Sea Level

P T'

0, Z III

6. 500 0 9 500 o -4

!
1 120 Io 500 Soo 500o 0.44

1 30I 1100 n.1 Iotn 0 OO

Oft'8.440

Drag coefficient (Ce) is for all airplanes fairly well For an afterburner capability of T/W = 1.0. he still
approximated: slows down at -1.7g on full afterburner.

C = C + k C- (4.53) By using maneuver flaps he can obtain a betterD [DO L relationship between (C.) and (CQ) than that indicated
by ( I ). It is noted that the Mirage is reported to have a ,where: CDo is the minimum drag coefficient for zero steady 7 g turn capability with a T/W of 0.74.

lift There is. however, the probability that large deceler-

k is a constant depending among other things on ations along the flight path can be developed in high-g
wing aspect ratio. turns.

In cruising flight, an airplane has maximum range We summa _e the acceleration capability of the
(and nearly minimum endurance) for minimum C0 /C. target very roughly in Figure 4-30. indicating that, in
which we find upon differentiating (4.53) to occur at: general, the capability of producing acceleration per- i

pendicular to the flight path is much greater than the
k L "2 = CU (4.54) capability of accelerating along the flight path.

Suppose the airplane is flying at this cruise speed in

level flight and the pilot pulls back on the stick thereby As a target approaches AFAADS. we are interested
generating lift (Ci), then the ratio: in estimating the range at which AFAADS first has an

unobstructed line of sight to the target. and the time I
=n (4.55) that the target remains exposed. Low flying aircraftCL CL* and, in particular, helicopters may appear, pass behind

an obstacle, appear again, and etc. In general. the
is the number of g's of acceleration generated, faster the aircraft, the less likely the flight path is to be

The drag ratio is: thus segmented within the AFAADS volume of inter-

CDO _ t kn-_-L_- est. On the other hand. it it probable that helicopters
D= .. (4.56) will be particularly adept at using local terrain for

CDO+kCL - concealment to close in on a target before brieflyexposing themselves to release their armament.

This section provides only an introductory review of
=( + n:)12, on substituting 2) (4.57) the problem to obtain rough estimates of'the ranges

and exposure times within which AFAADS must suc-

The engine was providing (T = U)') and for a lift cessfully operate.
drag ratio of about 12/1 at cruise. D*/W = 0.08. The 4.1.4.1 Nape of the Earth Flying
acceleration along the flight path is then: Experiments with CH-47 helicopters performed at

0.08(1 - n -, n 24 Fort Ord have been referred to in prior sections of this
(D-D = O.08-) (I-report. The trends, indicated by that data. have been

freely extrapolated to higher speeds. and are shown in
If the pilot pulls 8, normal to the flight path. he terms of target exposure time and initial exposure

will decelerate along the flight path at-2.7g. range in Figures 4-31 and 4-32. These trends are
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LEVEL 0 8

Figure 4-30- Relative Acceleration Capability of a High Performance Fighter/Bomber Along and Perpendicular
to the Direction of Flight

represented by the curves marked 'nape of the earth One would expect that *rough' terrain would be
flying.' associated with a shorter initial exposure range than

The curves of exposure time are for aircraft flying 'flat' terrain. In the limited experimental data re-

essentially straight lines past the gun. It will be realized viewed, the converse appeared to be the case: appar-
that the curves adc ;crv rough averages and actual ently because in the small terrain sample available the
times and initial ranges will vary widely with particu- CH-47 could fly lower at a specified speed over 'flat
lar situations. Where possible. the gun will be located terrain' than over rough terrain, and thus delay expo-
to have the widest possible field of view. sure. The differences. as indicated by the narrowness of

The curves do indicate that a very slow-flying heli- the band shown. may not be significant in view of the
copter can approach very close to the gun (which is small sample.
presumed located close to the defended target) before 4.1.4.2 Terrain Mak
exposing itself. Once exposed, however, its slow speed
in a fly-by gives the gun ample time to acquire and The concept of a 'terrain mask' is a convenient one
fire, thereby suggesting that this is an unlikely aircraft for estimating initial exposure range and time for
tactic.

aircraft flying essentially level. The terrain mask angle
As speed becomes very low, the initial exposure is that angle of elevation at a specified range which has

range curves become asymptotic to those of a vehicle a clear line of sight from the observing poin' to the
moving on the surface of the terrain, and are therefore specified range. Figure 4-33 shows typical mask an-
directly related to the power spectral density (PSD) of gles' versus range (for some terrain in Pennsylvania).
the terrain. geMask angles for a wide vartety of terrain samples are

It should be noted that both experimentation with given in Cornell reports."
helicopters flying the nape of the earth, and the devel-
opment of tactics are being pursued energetically. It is Initial exposure ranges and exposure times for fly-by
expected that extensive data will be available shortly targets are shown in Figures 4-31 and 4-32 for 500
which will allow more detailed analysis of this mode and 1000 meter altitudes and 6 degree terrain masks.
of flight as it interacts with the air defense system. Six degrees was chosen as a "%xorst case"
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Figure 4-31. Effect of Speed and Flight Path on Target Exposure Time

The principal observation is that at all speeds. ter- 4.2.1 Operational Considerations
rain following aircraft are more difficult targets than
aircraft flying level. The combination of sensors to be installed on

AFAADS depends on two decisions, each of which is
4.1.4.3 Pop-up plus Weapon Delivery Time only partially amenable to the analytical solution.

The appropriate tactic for a helicopter to use -o These are as follows:
capitalize on the short initial exposure range in the a. The capability desired for AFAADS at night
nape of the earth flying at low speed is to approach its and/or in inclement weather.
target to within air-to-surface munition range under
concealment of terrain, rise just enough to obtain a b. The autonomous surveillance and target acquisi-
Cree line of sight to its ground target, fire its arma- tion capability desired for AFAADS. This in I
ment. and then retreat behind terrain cover. This turn depends on the quality and timeliness of the
would reduce its exposure time to the time to acquire alerting information transmitted to the fire unit
its ground target. aim. and fire; and in the case of from the FAAR radars and other sources of early
guided-all-the-way weapons such as TOW, to guide the warning information.
weapon in. Exposure time could thus be as short as
5-20 seconds. The target path. even during weapon If AFAADS is highly effective by day but limited in
guidance. may be quite irregular. effectiveness at night or in bad weather, the enemy will

4.2 SENSOR CHARACTERISTICS shift the weight of his attacks, to the degree that his I
equipment permits. to these times of reduced AFAADS

This section discusses the characteristics of candidate capability. The capabilities of both the U.S. Air Force
sensors which may be used to obtain tracking and and Army aircraft to operate. locate targets. and suc-
,urseillancc information for AFAADS. Emphasis is on cesfullv attack them regardless of night or meather.
providing a basis for estimates of inputs to the predic- are increasing very rapidly. There is no reason to
tion function, rather than on the design of the sensor, believe that a technologically sophisticated enemy will
which is beyond the scope of this study. This section confine his attacks to clear-daytime operations. This is I
does not consider the man as a sensor. Human opera- precisely the enemy against whom AFAADS will be

tor performance characteristics are developed in Sec- required to defend. since it is unlikely that a technolog-
tion 4.3 ically unsophisticated enemy will he able to maintain I
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,o_ _ _The atmosphere is relatively opaque to ultraviolet
radiation. The hands of interest for AFAADS include

T ..... A-, the follow ing:

5 . AEE, A..• ,f a. Visual: C.3 to 0. 5 micron.

b. Near Infrared: o.X5 to 2.0 microtis.

c, Far Inlrared: 2.0 to 1000 microns

d. .Micro.,aves above 1000 microns.
N SAnsor ,,.stems may he categorized as active nr

MANGE -,E,,oS) passi,,e . tA:ivc sen,,or ,',tems illuminate the target and
detect the reflected radiation. The source may be con-
tinuous or intermittent, and its emitted radiation ma,
be coded to improve discrimination of the reflected
signal from background noise. Passive sstems detect
radiation emitted by the target (such as infrared) or
radiation from the general background reflected by or
intcrrupted h:v the target (such as in the case of ordi-
nary visual observation).

20 - To detect the target. its signature must lie in a hand
transmittable through the atmosphere. and a detector
sensitive to the wavelength transmitted must be

- available.

At the tracker. the received signal may be tracked
sPEW ,0"'s.78"3 either as a point source, or as a formed image. For

o6,8,3,, AFAADS. available radars will probably not allow
Figure 4-32. Initial Exposure Range image generation: consequently, the target will he

tracked as a complex source with the attendant error
any significant air strike capability against U.S. air characteristics as discussed in a following paragraph.
power. The simplest forms (and least expensive) of IR trackersare non-imaging trackers.

If AFAADS is only effective under clear-day condi- -Te fir u oin fra re r nt

tions. it will force the'enemy to employ more costly all- The first use of infrared for antiaircraft fire control
weather strike aircraft even though these will be unop- was based on tracking the target as a point source. The
posed by AFAADS except in clear-day operations. U.S. Army Signal Corps originally contemplated using
poseder bf AFAADS exct in clweathr-y aprabityt the SCR-268 Radar as a device to put a more -. curate
However, if AFAdADS has an all weather capability, it infrared tracker on target. Rapid radar advances less-
will degrade enemy effectiveness under all conditions. ened Allied interest in IR trackers. However, German
but at an increased expense of equipment to both sides. equ i e nte res in I I track ing air craftman
We return to this subject in discussing cost-effective- equipment. employed in WWII for tracking aircraft by
ness in a later section of this report. It is clear that the near IR trackers, was capable of tracking piston en-
decision requires good military judgement as well as gined bombers. passively. to 5000 meters.
anaiysis. Point source tracking mQ\, be done b% scanning or

by monopulse methods. Scanning may he mechanical
In the following paragraphs a wide spectrum of or electronic. Since a scanning device compares signals

sensors is reviewed. At the possible expense of convinc- received at slightly different times and compares am-
ing detail, only unclassified information is presented. plitudes. fluctuations in signal strength. not associated

The most important sensor, man. is discussed in with scanner axis position. cause tracking errors.
Section 4.3, Human Operator Characteristics. Image forming systems may produce an image di-
4.2.2 Types of Sensors rectIly, by electronic scanning, or by mechanical scan-

ning. The eve forms an image directly. An imaging
The numbers of types and ranges of characteristics tube can provide an image in the visible range by a

of potential sensors for AFAADS are extremely large. cathode, which emits electrons in proportion to the
and increasing with continued research. As a point of an'ount of visible or infrared radiation from the origi-
departure for organizing a discussion of sensors, Fig- nal images projected on its surface by the optics. and a
ure 4-34 illustrates the usage of the electromagnetic phosphor screen which is then stimulated by the emit-
spectrum, the nomenclature, and the atmospheric oh- ted electrons to recreate the image in the visual range.
structions to radiation as a function of frequency.5w The first tube of this type b, RCA in the 1930s
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stimulated German and Japanese developments which consider principally monopulse doppler radar. As
led to their WWII systems. While modern direct view- points of reference, the AFAADS surveillanc- radar
ing image intensification systems are far more efficient, may be considered to be S-band with; CSC2 antenna,
the concept of forming a complete image without two stacked beams, or possibly with frequency diver-
scanning is similar. sity. The tracking radar might be K.-band with fre-

Electronic scanning is based on modulation of a quency diversity.

scanning electron beam by an image projected on a The discussion of errors follows Barton closely, us-
suitable surface whose resistance at each point is pro- ing expressions given in his texts.41•42

portional to the intensity of the IR image at that point.
The modified scanning beam then goes on to illumi- The two principal problems in obtaining precise
nate a fluorescent screen, thereby recreating the IR radar tracking for AFAADS appear to be associated
image in the visual range. with 'glint' at all elevation angles, and 'multipath' at

very low angles only. Glint refers to variations in the
Mechanical scanning may employ very large num- apparent angle of arrival of reflected signals from the

bers of small detectors to build up an image on a target caused by interference phenomena among re-
viewing screen. flecting elements of the target. Multipath returns at

low angles present the tracker with multiple targets,
The very large number of ways of producing an from which it has difficulty in resolving the true target.

image from an IR detection device is illustrated by
Figure 4-35 (adapted from Reference 60). The standard deviation of the angular deviations in

apparent target direction caused by glint is approxi-
Once an image has been formed, it may be tracked mately proportional to the angle subtended by the

manually or automatically. Automatic tracking de- target. How much of the power spectral density of
pends on image contrast. However, since the image glint appears as tracker error depends on the band-
will normally have a good contrast against its back- width of the tracking servos. A wide servo bandwidth
ground, the tracker can average between edges (for is desirable at short ranges to hold acceleration lag
example, by closing gates on the image to enclose it in within acceptable values. The bandwidth of glint in-
a rectangular box) and thereby track the center of the creases very roughly with the rate of angular rotation
box. Consequently, an image tracker should be less of the target relative to the tracking line, and, hence,
sensitive to signal strength fluctuations than a point with angular velocity of tracking. These two interact-
source tracker. ing characteristics determine the fraction of the glint

Clearly, an identical process could be performed spectrum which appears in the radar output.
without the intermediate stage of forming an image. Research is underway on techniques to reduce the
However, since the image can be examined by the effects of both glint and multipath on radar tracking
human operator, some recognition may be possible of accuracy, and these are discussed in later paragraphs.
target type; or if more than one target appears, the
operator may select one. In ground fire, the image will 4.2.3.1 Radar Angular Accuracy
be necessary for target recognition, selection, and Radar angular error may be discussed (following
aiming. Barton) in the following categories:

Acoustic sensors represent an additional category. a. Thermal noise.
The speed of sound is too low to make these of much
interest as trackers. However, experiments indicate that b. Clutter and interference.
helicopters flying low will often be heard before they c. Multipath reflections.
are seen. Consequently, there may be a place for
antiaircraft acoustic sensors in the battlefield surveil- d. Target glint and scintillation.
lance system, if not in AFAADS fire control. e. Quantization and array error.

Table IV-13 summarizes the sensors considered to be f. Dynamic Lag.
of principal interest for AFAADS and th,. information
obtainable from them. g. Atmospheric propagation.

h. Monopulse network error.

i. Servo and mechanical error.
In the following paragraphs, radar is discussed to a

degree appropriate to estimating the characteristics of Figure 4-36 is a well known representation of the
the data which radar sensors may provide to combined effects of sources a, d. e. g. h, and i on
AFAADS. Because AFAADS must track low altitude angular tracking accuracy as a function of range.'
targets, and since precision tracking is necessary, we The curve for a monopulse radar may be considered
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to be the square root of the sum of the squares of three When this is not the case, the estimate may be modi-

components: fled as in the following paragraph.

a. Thermal noise: 4.2.3.1.1 Power Spectral Density of Glint

6 Very few measurements of the characteristics of
at= [(2S!N)fr/n)]" Radians for S'N >1 (4,58) glint have appeared in the open literature."4 In the

absence of experimental data under the radar-target-
flight path conditions of interest, it is conventional to
represent the glint power spectral density as:

b. 'Instrumental Accuracy': an aggregate of sources 1G 2 (
e, h. and i, which are expiessed as: (4.61)

a oi constant O. l00 mils (4.59) where:

f = frequency (Hz) and (f.) is

If source g is included, this value may be about dou- given h,:

bled. fo"-2w.aLX (4.62)

"c. Target glint (assuming no reduction in servo
system): where:

co - the angular velocity of rotation

ag 0.35O LPD Radians (4.60) of the target relative to the
line of sight.

The coefficient '0.35' depends on the distribution of L the target dimension

scatterers assumed for a theoretical model, and if X wave length
possible, it should be obtained experimentally. Barton's examples"2 are for cases where the sensor

where: servo passes the complete glint spectrum. However, the
object of frequency diversity is to spread the glint

= radar beamwidth (radians) spectrum so that part is outside the servo bandpass.

S/N = signal to noise power ratio Barton's examples are also for rather slow targets;
since w, is proportional to target speed. we would

f. = repetition rate (pps) expect the glint spectrum to widen for fast targets at
close ranges.

/ = servo bandwidth (cps)clsrag.

To the degree that Equation (4.61) is acceptable. we
= target dimension (meters) can write the variance of tracking error after the glint

spectrum has been modified by the servo as
D - target range (meters) approximatel',

Figure 4-37 shows a typical power spectral density o- off)
function for monopulse tracking error in angle. I + it

The bias component will be discussed separately in t4.63)
terms of dynamic lags in target following. Thermal i ° .i+'

noise extends uniformly over the whole spectrum. The -G j
3
0 + fo

figure illustrates short range operation (normal Servo bandpass may he made a function of range
AFAADS operating range). where the glint component for reasons cited earlier. such as, low handpass at long
is large because of the large angle subtended by the ranges to. improve signal to noise, and wide bandpass
target. At very long ranges, glint is submerged in the at short ranges to keep lag within hounds. Since angu-

thermal noise, and performance is dominated by the lar lag is approximately:
ratio of signal power to noise.

Equation (4.60) assumed that the sensor servo band- Lag - :4.63a)
width was wide enough to pass the full glint spectrum.

4-43



rA

A/ RECEIVER NOISE 1UTIO

00,,

i /

1- / I'

_ _. 11
'LAC VIIG IS[ LLA _______ AMPlItUOE FLUCTUATIONS

00' 5E VO NOISE

FLUCTUATIONS IGLIIITI

A COMPOSITE t:RROR FOR A CONICAL SCAN "1
OR SEQUENTIAL LOSING RADAR

8 COMPOSITE ERROR OR A MONOPULSE RADAR

I I l l lil I I III _ I I Il I I I
10 100 I00 10000c,

RELATIVE RAOARI RANGE

0ER448"A

Figure 4-36 Sources of Angular Error in a Tracking Radar

then:

IPOWE R SECTRAL DENST 
2 O2 (4.65)

°t2 = I + (kvL/,)
where k is a constant. We expect, as before, that the

variance of tracking error caused by glint will have a
constant linear, as opposed to angular, value with

9ERVoRAItOI.O1'l range, also that its value will be reduced by short
GLINT -wavelength and high target speed.

The points to be made from the above discussion are
FAOUE --. that for high target speeds. the glint spectrum may

extend outside the servo passband. Frequency diversity
is intended to increase the fraction outside. Servo gain

Figure 4-37. Typical Monopulse Angle-TraL':ing should be a function of range. To place all of these
Error Spectrum elements in proper context for system evaluation. ex-

and perimental data on the glint spectrum is necessary.

2b It is worth reiterating that if 'instrumental' error can
S(v!D) (4.63b) be held to 0.1 - 0.2 mil. a target with dimensions 3

meters in elevation and 15 meters in length might be
expected to generate a glint-caused angular error of 1.0
mil in elevation and 5 mils, in azimuth. It is hoped to

where: D = range v = target speed, On might reasonably be mi c i elevati an this in AziADh at s hopedtdo much better than this for AFAADS and so consid-
riade mnversely proportional to D within some maximum and erable effort to finding out how is desirable.
minimum limits).minim l4.2.3.1.2 

Lag Errors
Dynamic lag (error source f). resulting from track-

a ~ rD (4.64) ing servo characteristics, wiil he considered explicitly
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in the evaluation, to maintain the distinction between In view of the active research and development
slowly varying errors (lag), and rapidly varying errors program directed to reducing the effect of glint on
(effect of glint). Lag is given conventionally by the tracking error, it seems likely that hy the time
expression: AFAADS enters engineering development it will be

possible to include techniques which will allow a stan-
L = (dA÷dt)IK+ (d'Aidt-)iKa (4.66) dard deviation of tracking error considerably less than

the 0.35 of target linear extent indicated for currently
where: A is angle and K., the acceleration lag constant, operational state of the art.
is related approximately to tracking servo bandwidth 4.2.3.1.4 Multipath Errors
by:

K2 The angular error introduced by multipath returns is
Kn 25 (4.o7) of major importance to AFAADS because of its em-

phasis on nape of the earth flying targets. The stan-
The above expression holds only when no regenerative dard deviation of elevation error o-r, (radians) from
aid is provided to the sensor servos. Regeneration is this source may be estimated from:
discussed in a later section. It offers some promise in
permitting reduced 8, (equivalent), thus reducing
glint-caused errors, yet not incurring undesirabie lags. Orn = (0p) (8A11)l2 radians (4.68)

One of the practical problems associated with wide where.
servo bandwidths in positioning devices with signifi-
cant inertia is the torques generated in the system at 0 = radar bearnwidth (radians)
high frequencies. Since torque is proportional to the
product of inertia and angular acceleration, high fre- p = ground retlectivity (voltage ratio)
quencies in the system will be associated with large As = sidelobe attenuation power ratio
torques. gear wear, and power dissipation in following
noise.

4.2.3.1.3 Use of Frequency Diversity This has a maximum at an elevation of about 0.8 times

One method of reducing angular errors caused by the half power beamwidth. and is negligible at about
glint is the use of frequency agility or diversity.'" four times this value. The important point is that the
Since the apparent direction of signal arrival from the effect is minimized by a narrow beam. thereby empha-
target is a function of frequency, frequency agility sizing the desirability of short wavelength radar such
increases the effective number of independent measure- as K.. A 1.8 cm radar with a I-meter dish should have
ments of target position in a given time. a beamwidth of about I degree.

In addition, frequency agility increases the ECM As in the case of glint, research is under way to
resistance of the radar by denying the enemy the reduce multipath errors. An approach'4 which has
possibility of concentrating all of his jamming power demonstrated potential is signal processing based on
at a single carrier frequency (spot jamming). the recognition that the problem is one of discriminat-

Some theoretical computations of potential improve- ing between two taigets (the real and the multipath
ment in tracking accuracy with frequency diversity image).
suggest a potential improvement of a factor of 2.5. No record has been found of experiments to reduce

Another approach to _ncreasing the information rate the effects of multipath by physically constraining the
to reduce the effect of glint is polarization agility." servo so that it cannot track an 'underground' target.
Polarization agility is being investigated as a part of This might be done with relatively coarse local terrain
the Army MICOM, Phase Return Error Program. The data stored in the computer.
MICOM program is reported to include: Azimuth multipath is a lesser problem than eleva-

a. Polarization agility. tion, and multipath introduces negligible errors in
b. Frequency agility, range measurements.

c. Combined polarization and frequency agility. 4.2.3.2 Radar Range Tracking Accuracy

d. Adaptive signal processing. As in the case of angular tracking. the error in

A factor of 2 improvement in angular accuracy with measuring range may be considered in three catego-
a pulse doppler conical scan radar has been noted by ries; 'instrumental,' glint, and thermal. The standard
polarization agility alone and the program is to include deviation of the glint spectrum may be approximated
menopulse doppler. as:
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Og 0.35L (4.69)2

where: L is tareet range dimension. 2oGC 'S

Range following and readout may be by mechanical
servo, or completely electronic. The power spectral .......
density of range glint is estimated as having the same .02.

form as that of angular glint. It is probably preferable ,0
to have a tight servo and perform range ano range rate
smoothing (if the latter is not obtained from doppler) 02

in the computer. .

When range rate is obtained by doppler measure-
ment. glint again is a major error source. Its magnitude ,
is estimated as: ;,20:

of " 0.352Lwa/M)Hz (4.70) 01

S:

convening to meters/second:

0,(m/sec) = of(Hz)(X/2,) (4.71) 00,- l-_~ ii ill!!iii ii~:

ov = 0.35 (CL) rn/sec (4.72)
0 00,

At crossover where w, may be I rad/sec, or, can be 0, 03 0 30

quite large. However, the remarks, made previously IONl 0078450

about the bandwidth of glint and the possibility of
improving the data rate of uncorrelated signal samples Figure 4-38. Atmospheric Attenuation Due to Water
by frequency and polarization diversity, apply to the Vapor and Oxygen Molecular Absorption
above estimates. The remarks, about the desirability of
obtaining comprehensive measurements of the glint equipment is advancing rapidly, but a comprehensive
spectrum, Jso apply. evaluation would be required to determine the poten-
4.2-3.2.1 Choice of Frequency ,ial and feasibility of still shorter wavelengths for

AFAADS.
For reasons discussed previously, a short wavelength

is desirable for the tracking radar; subject to the 4.2.3.3 ECM
availability of transmitting equipment generating satis- I
factory power. and the atmospheric and weather atten- We consider briefly some of the considerations in

uation. Figure 4-38 shows atmospheric attenuation of possible noise jamming of the AFAADS radars.'"7 4 49

microwaves from the S-band down into the millimeter The target aircraft may carry noise jamming equip-
range. 2 The K3- and l.-bands are in the windows to ment which, beyond burnthrough range. would deny

the left and right of the 1.5 cm. H20-absorption band. AFAADS range information. A monopulse radar
could track very accurately on the noise source, and by

Attenuation due to rainfall is shown in Figure 4.39 sharing angular information, several AFAADS fire
as a function of frequency.'2 Although drawn as con- units could obtain target position by triang,:laion.
tinuous lines, the curves should be considered to apply This would be a relatively simple computation for the
only in the windows of Figure 4-38. computer.

A complete radar selection study would include an However, a stand-off jammer (SOJ) would experi- i
evaluation of the frequency ind duration of rainfall of ence a number of difficulties caused by the geometry of
varying magnitude in operational areas worldwide. At the problem. To be effective at long range it must
this point we show only a rainfall density function for inject its signal into the main beam of the trmcking
Washington D.C.Y (Figure 4-40). which indicates that radar, which is only I degree or less. As the radar
light rain (attenuation in K,-band for 0.2 dB/km) is tracks the close-in target. its beam has a high angular
exceeded only 97 hours per year. or 1.1 percent of the velocity; and since the SOJ aircraft must also remain
time in this beam. an extremely difticult problem of coordi- I

There appears to be no problem in obtaining equip- nation between the two aircraft is presented when
ment of adequate power to utilize K. for AFAADS angular velocities are low and an impossible one when
tracking. The whole field of millimeter microwave they are high. If the target aircraft flies straight in at
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4.2.4 Infrared Sensors

Passive infrared sensors have the advantage over
active seniors that the target is not aware that he is
strength decreases only as the square of range, instead

F F of the fourth power as with active systems. The power
- - and weight of the lR system can be low compared with

,0 A ' radar. Because of the very short wavelength, IR has the
') L potential of very high resolution with a small collector

= ~o' u diameter. There are no side lobes, and no low angle
~ to tracking problems.

-,,,dl., .. ,- IAVY6AIN Passive systems are difficult to jam, countermeasure.
"125,. M•,U MIAVY and decoy. They have the capability (shared by visual

spectrum light intensification sensors) of night
01 •operation.

Z5 LIGHTRAIN Infrared, like visual techniques however, has the
\ 25 disadvantage of being unable to penetrate fog and

0.0, \clouds, although it has a slight superiority in haze
penetration over the visual spectrum.

ý22 UM,3ZLE Figure 4 41 shows the atmospheric windows for
000I infrared."0

01 0.3 10 30

4.2.4.1 Target Emitted Radiation
00o684si IR signatures of aircraft targets can be found in

classified literature. Here we cite only an unclassified
Figure 4-39. Attenuation Due to Rainfall for Various reference.' Detection depends on the emission from

Rainfall Intensities the heated skin. hot engine parts and by the radiationfrom the plume of hot gases from the engine. For
the radar so that angular velocity is zero, the SOJ aircraft detection, the radiation from the heated parts
aircraft may follow it; but by tracking the SOJ source, of th ecsin the radimportant than that from the
the radar will be within a degree of the incoming plumes except at frequencies where the plume has high
target, and on such a course, range information is not emissivity. The emitted radiation is proportional to

essential for prediction. Coordination of paths between both the emissivity and the blackbodv radiance of a
SOJ and attack aircraft further deprives the attacker of part.
freedom to maneuver, which may be unacceptable in The parts near the engines are hea'ed by them andthe terminal phase. are strong sources of radiation. The hot nacelles and

air intakes give a strong contribution to the totalTo summarize, the SOJ aircraft has the advantages radiation from the front aspect. From the rear the tail
of high emitted power, high antenna gain if a steerable pipe dominates the radiation. However. at 4 .3,u theantenna is provided, and one-way transmission. The plume radiation is stronger than that from the tail pipeAFAADS radar has the advantage- a tran T target is because of the greater area of the plume and phe
closer than the SOJ aircraft. ECCM techniques such as emission from hot COa molecules in the plume- At
sidelobe reduction and cancellation may make noise supersonic speeds the skin may become so hot that it
jamming ineffective except when injected into the main dominates the radiation.

beam, and a narrow beam creates the coordination
problems for the SOJ aircraft as noted previously. The
use of frequency agility widens the band over which Non-imaging infrared trackers have reached an ad-
noise must be transmitted to be effective. vanced state of development for antiaircraft missile

One additional difficulty for the jammer is created homing heads. They are small. lightweight, and of
u orelatively low cost. For a ground installation it might

by terrain. If the attacking aircraft flies high. the be expected that. over AFAADS ranges, the tracking
tracking radar beam has a rapid sweep rate in eleva- error would depend on the distribution and relative
tion. If the attacker flies nape of the earth, it will be intensities of heated areas on the airplane. and the wa'
extremely difficult for both SOJ and attacker to stay in in which these vary with aspect. Depending on
the tracking radar main beam because of intervening whether the tracker scans, or compares direction of
terrain obstructions. signal sourcc by a multiple detector arrangement. the
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effect on tracking error would be similar to that of ground-to-ground capability in addition to the capabil-
glint and scintillation on radar tracking. However. ity of seeing air targets at night.
since phase interference is not involved, the wander of 4
the point tracked by the ground sensor should stay on
the surface of the target (assuming that the plume is The Army has currently available for use a family of
excluded by optical fiihering). and therefore, tracking night-vision sights including the starlight scope. a
accuracy should be better than that obtainable with a crew-served weapons sight, and a night observation
radar. device. They use image-intensification in the visual

A non-imaging device also has the potential of range. i.e.. using light reflected by objects from star-

operating in a surveillance mode. After a target is light, starglow, etc. A device of this family could be

detected, the field of view could be closed in for precise mounted on AFAADS for surface fire at night in good
(racking, or the target turned over to a tracking sensor. weather. Cost is relatively low. and it is anticipated

that similar sights will be mounted on the majority of
4.2.4.3 Imaging Trackers Army ground-to-ground weapons.

Figure 4-35 indicated the wide variety of techniques 4.2.6 Lasers
that are conceivable for infrared image production. Capabilities and applications of lasers are develop-

An air-to-ground passive-imaging device, operating ing so rapidly that an assessment of current capability
in the 8- to 13-micron window, has been reported will be out of date by the time this report is printed.
under development for the UH-I helicopter AAQ-5 and any rationally based forecast is likely to be con-
armament and control system. The system is described servative because of the rate of appearance of newv
as having 375 mercury-doped germanium detectors information.
that are sequentially sampled for vertical scan. with
mechanical/optical horizontal scan. The resulting pic- Lasers are currently available to operate within the

lure has 375 lines, visible spectrum. the near infrared, and the far infra-
red. In particular. an He-Ne gas laser is available to

A ground-hased version of this system is conceiv- operate at 3.39 microns in the 3-5 micron atmospheric
able. It would have the advantage of providing the window, as well as a CO?-N2-He gas laser which is
AFAADS gunner with excellent fair weather, and available to operate at 10.6 microns in the 7-14 micron j
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Figure 4-41. Absorption Spectrum of Water Vapor

window. For both these windows, detectors have been satisfactor- range within available power. The preci-
available for a long time. Sion required of tracking with present laser beams and

powers is incompatible with the accuracy of radar
A Ruby laser at 6943 A0 is on the upper edge of the tracking.

visible spectrum. and a solid-state Nd-glass laser is
available to operate in the near infrared at 1.06 There are three solutions: One is to increase laser

microns. power and use a wider beam. Figure 4-42. which
shows how% rapidly the available power of gas lasers

The first generation of adser range finders is opera- has increased over a S-year period"~ suggests that this
tional, with the low pulse rate considered adequate for solution is only a matte'r of time 'The second solution
use against ground targets. Pulse rates, consistent with is to build a laser tracker.6" 6 7 This would allow
ranging requirements in the antiaircraft problem. are precision angular tracking consistent with a very nar-

state of the art. row laser beam. Such 'optical radars' are under devel-
opment and some equipment is operational in experi-

A problem with laser ranging on an aircraft target is mental installations. The third solution is to increase
the narrowness of the laser beam required to obtain detection sensimiity.
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from aircraft or surface launchers to its rear. An
AFAADS concept, somewhat beyond the scope of the

:- .present study, might contemplate an optical radar for
i tracking and illuminating an aerial target, so that

2 3 - ýfirepower could he delivered by man-portable missiles
-.homing on the illuminated target, and thereby supple-

1 7 -,.0o ,.N ment the gunfire.

'N I 4.3 OPERATOR PERFORMANCE
i" CHARACTERISTICS

OW AI In this section we consider the capabilities of the
, !human operator as a component of the AFAADS

,O'-.,14 7,01' system. The operator's abilities to detect targets visu-
' ° 3 '" -O/r "ally. to identify them, and to track them are reviewed.

In all three categories, it is found that the man's
-~ ~ 2 N2"ecapabilities are marginal when compared with

I "AFAADS operational requirements. It is concluded
"that he must have assistance in initial target acquisi-

' H.a ' '- tion, to narrow his field of search. Optical magnifica-
3I 2 A tion will assist him in extending his range of visual

1I I target identification, but positive IFF would eliminate
1961 ,,42 963 ,96, '"s ," a serious delay in opening fire. In the tracking function

'E AR he requires assistance (regenerative tracking) to narrow

the bandwidth of the signal he is attempting to follow.
006,8,,53 As a servomechanism. the man has an effective hand-

width of only about I Hz which is too narrow for I
conventional tracking controls. His precision of track-

Figure 4-42. Gas Laser Power Growth During 5 ing is also limited by his visual acuity, so that moder-
Years ate (3X) magnification seems desirable for trackingi

Methods of performance analysis comparable t Whether all three activities are performed bv onemanod depnd ofomac anaysi designb cofgrtinodtrd-f
those used for microwave radar are in the literature.6' man depends on the design configuration and trade-off
including estimates of the spectrum of target 'scintilla- analyses. J
tion.' as well as methods for computing probability of There may be more than one man on the AFAADS
detection, etc. fire unit. For example, on a self-propelled version there

may be a fire unit commander, a driver, and a gunner.
A, noted earlier. since a laser can be chosen to A normal distribution of responsibility would be: foroperate in an infrared region which is also desirable the commander to assume the surveillance, identifica-

for passive viewing, the option of having a tracker tion, and target designation function, for the driver to
with optional active or passive tracking modes exists, support the commander in monitoring the radio net.
This would allow, in either case. the option of auto- and for the gunner to acquire and track the target, and
maric tracking in angle, under operator surveillance, done by the gunner
with greater precision than that which could be and the driver.
achieved by direct manual control- or by radar. It a
would be subject to the usual weather limitations, but On the most austere version, such as a one-man I
would be a day or night system. mount, all of these functions would be performed by

The cost of a laser range finder alone will probably the gunner.

be relatively low. The cost of an imaging system and From the point of view of assessing AFAADS effec-
automatic tracking loop will probably approximate tiveness, the most difficult operation to evaluate is the
that of a radar. performance of the human operator in tracking. and
4.2.6.1 Lasers for Target Designation this function is therefore treated in ,,omne depth. It i Ii

the first subject taken up in the following paragraphs.
A whole family of guided weapons for air and Target detection and identification are reviewed in the

ground launch is being developed with the capability last paragraphs of the section.
of h.iming on a target designated by a laser spot. 4.3.1 Operator Dynamics in Tracking I
AFAADS should probably have this capability in its
ground role so that the capability of its gun in direct A great deal of work has been done in the deve!op-
lire can he augmented by supporting fire delivered ment of analytical describing functions for the human
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operator performing a tracking function. Most of this but not degrade the operator's ability to track the
work since World War II has been based on operator residual target motion.
performance in tracking stochastic, as opposed to de-
terministic inputs. As the bandwidth of the stochastic One of the arguments ror imaging sights wTV, IR
input is narrowed, however, the signal begins to have etc.), with automatic tracking, under conditions when
characteristics resembling those appropriate for the an operator could track the target, is that the servo lag
angular tracking of an airplane which will always have can be less than the lag of a human operator. (The
some perturbations superimposed on the analytic com- man is a I Hz servo in a 6 Hz world.) Tracking
ponent of motion as a result of flight roughness and r ith a gated edge tracker may he equal to or
maneuver. The principal difference is the extremely better than th stem an tolerances oi
large excursions in angular velocity and acceleration in automatic tracking system can be established in pro
the aircraft tracking problem, when the target is at duction. whereas human operators come in a wide
shoft range. Keeping ir mind the differences and range of capabilities and r,. tivations.
similarities, we are able to draw what we consider to However, from a cost point o.' view it is advisable to
be significant conclusions from the available experi- determine the system characteristics that best utilize
mental data. operator capabilities. Visual human tracking may be a

We will find that from a frequency response oof principal operating mode; even in an automatic sys-
point tem. it will be a back-up mode.

view, the man is not a very good servo. However,
human tracking is important because this mode also Unfortunately for the development of precise track-
has the potential of more precise tracking than auto- ing devices operated by human operators, man is a
matic radar tracking; since at the shorter ranges, where highly adaptive controller. He has been put in control
the target subtends a large angle compared with the of systems that would never have been considered, had
desired precision of tracking, the operator can attempt a servo been required to close the tracking loop. And,
to track a designated point on the target. For example. unfortunately, controllability and precise tracking are
the operator can attempt to track the junction of the not necessarily the same thing.
wing and fuselage; whereas a radar may wander over
the presented area of the target (or an even larger All of the experimental data on tracking devices

pres d aa oindicate that a man performs the tracking function
area). best when his job is extremely simple. He does the

To realize this precision of tracking. however, ex- most precise tracking with a system in which there is
treme care must be given to the matching of the no phase lag between the control motion (or applica-
operator's control dynamics to the operator's charac- tion of force to a force controller) and the motion of
teristics. The most precise tracking might be achieved the sight. Some of the more pertinent experimental
by having two operators; one to track in azimuth, and results are summarized in later paragraphs. It is signif-
one in elevation. This introduces the problem of get- icant to note at this point, however, that the rate
ting both men on target initially, and the short engage- control, almost universally used in tracking systems,
ment time. Limitations on space in the mount probably has been shown to be inferior to a position control.
preclude this approach. Ore man tracking in both and early 'classical' experiments showing apparently
coordinates may not track as precisely as two men, contrary results have recently been shown to be in
each with a single coordinate, but he probably will error by Poulton.'1

acquire the target sooner. To drive a mount. however, one needs a rate compo-

However, the principal problem in tracking 'iigh nent. A better solution is aided tracking. in which the
speed, close-in targets is that associated with the high operator's adjustment of -he control adjusts position ta

correction he sees immediately) and rate ja correctionangular, accelerations required to stay on target. The which has a 90-degree phase lag). Against a constant
operator is busy in both coordinates at just the time

whenthetargt i clsest an mos lielyto b hi if angular velocity target this method works very well. Ifwhen the target is closest. and most likely to be hit if the time constant, defining the rapidity with which thetracking is good. This problem may be ameliorated if rate component builds up. is large enough. the tracking
regenerative tracking is provided and if the dynamics unit feels to the man as if it were a simple position

of the regenerating control loop can be designed to control.

assist on courses which are capable of being regener-

ated. and not interfere on courses which cannot be Aided tracking worked extremely well against the
regenerated. More specifically, if the target flies an low angular velocity and acceleration :argets of WWII.
unaccelerated course, the regenerative loop should al- AFAADS has a more difficult problem because of the
low the operator to zero his control in a few seconds, high peaks in acceleration and higher derivatives. As
and thereafter make only small corrections. If the discussed in the radar section. this problem is not
target weaves or turns, tlhe regenerative loop should unique to the man: a conventional servo using only
still aid, by compensating for the mean target motion, angular information has the same problem.
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The object of "unhurdenine' the man thus leads us to effects on the tracking process of the shock and vibra-
the requirement for regenerative tracking. in which we tion caused by a gun firing and being carried on the
take advantage of the fact that we can generate the mount.
required accelerations and higher derivatives from the In this section the mount is considered to be simply
principal component of target motion, i.e . constant a tracking mount with a fixed sight. The more complex
linear Nelocitv, and use these regenerated components case of a lead-computing sight on a gun mount is not
to assist the tracker. The derivatives of angular motion considered appropriate as an AFAADS solution. The
associated with the process of tracking an unacceler- effect of shock and vibration of the operator is treated
ated target ma, be considered an artifact of the track- in Section 5.
ing process. By changing the tracking process, we
eliminate them (after a short setting time) from the It is necessary at this point to digress briefly to
operator's job, and consequently leave him only with define the range of options of control dynamics that
the task of coping with actual target accelerations. are pertinent to AFAADS.

With this objective in mind. we list briefly the The simplest type of control is one in which the

characteristics of the target motion. displacement of the controlled member 'C' is directly
proportional to the displacement of the operator's

Once the operator has acquired the target and ma- control 'P'; this is sometimes called 'direct' tracking or
nipulated the controls to get the cross hairs on the 'position control' and is described by:
target, the subsequent activity required of him and his
resulting errors, depend on the discrepancy between C = XP : Yc = X (4.73)
the rates generated by his tracking system, and the .
rates generated by target motion. In another frequently used type of control, the rate

The target motion, considered as a forcing function of the controlled member is proportional to the dis-
onThe trackinget smtemn, mab considered a ing fnthn placement of the control. 'Rate control' is described by:on the tracking s.,,.tevm, may he considered in the

following categories of components: ( = lip , Yc = (4.74)

a Deterministic. The target flies a straight line. an
arc. or some other theoretically predictable curve It was found during World War II that tracking
for an extended period of time. Even when the accuracy of antiaircraft tracking devices was improved

tar2et is unaccelerated. the angular rates and over both (4.73) (4.74) when control laws were com-

actelerations required of the tracking device are bined: this was called 'rate-aided' tracking.
difficult to copc with at close passing ranges, where:

b. Stochastic. The target path is disturbed bN rough -= p1' + " Y= + (4.)
air. The irregular flight path caused by terrain P
-following may be considered as a stochastic com-
ponent for analysis of the tracking process. C = piP + 7P)1 7 = X, P 1

c Quasi-stochastic. The pilot deliberately produces
an irregular flight path by manipulating the and T had a value in the range of 0.2 to 1.0 second.
controls. The resulting path may consist of a Figure 4-44 shows how average tracking error of a•,cres f sraigt sgmets oine bvarc. a particular device varied with time constant -r for a

sinusoidal weave. etc. The frequency content is n•rticular c i
likely to be lower than in case b. cass of inputs."

As a basis for comparing control dynamics by in-
In order to develop a quantitatie assessment of the spection, they may be represented by their traces in the

operator's capabilities in tracking. we summarize what phase plane. i.e..
is known about his performance and interaction with
control and target dynamics in the following = ,IW) I47
paragraphs. i

The elements of a tracking loop are shown in Figure These phase portraits for the simple controls just
4-43. An operator manipulates a control which governs discussed are shown in Figure 4-45. I
the motion of a mount. The operator looks through a For position control the controlled member has. of
sight fastened to the mount and operates his control to For positionfcontro the control .
keep the cross hairs centered on the target. The inputs course, zero phase difference from the control.
shown as 'noise' represent disturbances mostly uncorre- For rate control the controlled member lags the I
lated with the target motion such as the operator's control by 90 degrees. Rapid control movements (high
inabilit,, to sense error and error rates perfectly. his () have little immediate effect on the controlled
muculai tremors in operating the control, and the member. i
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Figure 4-44. Tracking Error as a Function of Time Constant

For rate-aided control the controlled member lags tracking accuracy somewhat over simple rate-plus-
the control by less than 90 degrees. and the higher the position.
frequency, the less the lag. In simpler terms, the opera- It was concluded from these early experiments that a
tor sees the effect of an abrupt control movementimmediately. desirable control introduced no more than a 90-degree

phase lag between operator and controlled element,
Figure 4-45 also shows a phase portrait for an that a zero ph3se lag for high o was desirable, and

acceleration control for which there is a 180-degree lag that large phase lags should be allowed to occur only at
at all frequencies: low w. if at all.

'7rP . y'p 4.78) The improvement in tracking. possible by modifying
s- rate tracking with a phase iead network thereby ob-

taining the equivalent of rate-aided tracking, was
The French SS-lO wire-guided missile responds as an demonstrated in 1962 by Frost... in a rather spectacu-
acceleration controlled device; it is known to be con- lar experiment. His optimum transfer function was:
trollable. but only after considerable operator training.
A way of improving acceleration control is to combine
it with rate and position. i.e.. YC I. s )I +sTI (I +sT, j (4.80)

•7 +, M•+ S + XkS -

C' = rnp + lip + "kP : Yp s (4.79) Of particular interest are the questions of whether
s these earl, findings have been substantiated bv the

thereby yielding the final phase portrait as shown in experimental work performed since WWII_ and

Figure 4-45. A good deal of experimentation with this whether further quantification of the operator per-
type of control was done at the MIT Radiation Labo- formance is possible. We find that a positive answer
ratory during World War II. The data are not curre'itly can be given to both questions as developed in the

at hand, but the acceleration component in the Radia- following paragraphs.
tion Laboratory tests is believed to have degraded As noted, most of the post-WWIl work has been
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Figure 4-45 Phase Relationship of Various Types of Controls

done on non-deterministic input functions. Since origi- changes. However, and fortunately for most of the
na!ly the object was to prevent the operator from currently available analytical tools, most of the man's
learning the course, the input functions were composed adaptive setting of his operational parameters is re-
of several randomly phased sine waves. It was then lated to the dynamic characteristics of the sys'em he is
discovered that with a larger number of these sine controlling and these settings are less sensitive to the
waves (such as ten), the analytical process of deriving a characteristics of the input Function.
quasi-linear descrihing function for the operator's mnon-linear aspect ofI
response was greatly simplified. Most work has been A direct attack was made on the
done with this kind of input, as pioneered by Tustin, the man's performance in the antiaircraft tracking
Elkind. McRuer. and Krendel. problem by Rosenberg and Siegel. I

A good deal is now known about how to represent It is unfortunate that their study was constrained bh
the man as an equivalent linear system in the tracking limited funding from reaching the uefinitive results
function. For the types of inputs described previously, that would have been directly applicable to the
it has been found that when the input has little high AFAADS problem.
frequency content and the control is either of the
position or rate types. almost all of the operator's
response can be described by a linear describing func The most illuminating exposition of the difference
tion. The portion of his response which is not linearly among the three basic control types. position, rate, and I
correlated with the input, or 'remnant' (a term intro- acceleration, is furnished by showing how an operator

duced by Tustin), is very small. responds to a step input with each type.' This is

The operator's response can be further rationalized shown in Figure 4-46. 1
in servomechanism terminology. He must cope with an The operator's delay of about 0.2 second is apparent
inherent time lag of about 0.2 second. He can adjust in all cases. The position control provides the most
his response as if he had an internal compensatory rapid response. The acceleration control is not only
lead-lag network with adjustable parameters. He ad- slow. but oscillatory. I
justs his gain to maintain loop stability. In this termi-
nology. the man can function as a non-linear adaptive Fisher" was able to reproduce the results of Figure
servomechanism as the nature of the input signal 4-46 with a computer simulation of the man. using the
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face of the CRT with a moving reticle) with 'compen-
A POSITION ,K, satory' tracking (where he attempted to zero a simple

spot). Differences between these modes were, in gen-
eral, small compared with the effect of control

E dynamics.
0 .0 3 . I.0 For the same input spectrum (the function that the
o 1_0 2.0 30 40 50 operator attempted to follow or zero-out) the numbers

TE I,'in the boxes in Figure 4.47 show comparative mean
"square tracking errors. for compensatory tracking.

1 0 - ---- --- -- which corresponds to the antiaircraft tracking
problem.

Control dynamics were as shown in Table IV--14. 4

0 10 2.0 30 40 so The World War It generalization that 'the greater
the phase lag in a control, the poorer the tracking' is
confirmed. For phase lags approaching 270 degrees,

C. ACCELERATION Mo 2 the error variance is eighteen times as large as for
position tracking, thereby corresponding to a standL.d
deviation of eiror over four times as large.

1.0,NUT- To see how the operator response adjusts to the
RESPONSE dynamics of the control he is operating, we now look

at the operator describing functions derived from these
0 i. 2. . . .0experiments." "6293 Since we are only interested in low

1 ,o .0 3.0 4.0 5. phase-lag controls for AFAADS. we confine our atten-
TIME -SECI tion to position, rate, and acceleration controls.

O~,8.4S4OA
Following servomechanism practice. it is now con-

Figure 4-46. Comparison of Response to Step- ventional to depict the describing function in terms of
Function Manual Tracking; Three Control Laws the open-loop gain and phase. Since it has been deter-

mined by experiment that the operator tends to adjust
describing functions obtained by stochastic input ex- his own gain in inverse proportion to the gain of the
perimentation. A similar finding for a ramp input is control, so that the product is constant, most gain-
reported by Young."7 This is the basis for the prior phase (Bode) plots present the operator describing
statement that the operator's describing function de- function Y, combined with the control transfer func-
pends more strongly on the control than on the input. tion Y'. as YY:.

The quasi-linear describing functions obtained with Characteristic forms of YY, are shown in Figure
stochastic inputs, together with the performance of the 4-48 in terms of absolute amplitude and phase as

operator against such inputs with a wide variety of functions of frequency. [he input function from which
control types. are shown in Figure 4-47 as phase these functions were derived had a rectangular spec-
portraits, some of which include almost a 270-degree trum with cut-off frequency at 2.5 rad/sec. The forms
phase lag in the control." 76' 292

3 are shown for the three basic control types: 'pure'

The input could be described by a rectangular spec- position. rate and acceleration controls.

trum defined by its cut-off frequency, supplemented by According to conventional feedhack control theory,
a shelf of much lower amplitude. The shelf is extended system stability requires positive phase margin at gain
to higher frequencies to facilitate computation of the 'crossover.' i.e., where YY, = 1.0. It can be seen bv
operator's describing function at higher frequencies inspection that this is true in Figure 4-48. However.
than those represented in the conspicuous portion of phase margin at crossover is least for the acceleration
the input. control.

This type of input has some reievance to the antiair- In Figure 4-49 the control characteristics have been
craft tracking problem because of the stochastic com- removed to show operator phase and amplitude. Here

the fact that the operator provides phase lead in the
ponents of airplane motion noted in earlier para- case'cf acceleration control is obvious.
graphs. In the experiments with the control dynamics
shown in Figure 4-47, the operator manipulated a To a very close first approximation, it has been
small control stick and observed a CRT display. The found that, above a threshold of display gain. operator
experiment was designed to compare 'pursuit' tracking rms errors are proportional to rms input and therefore.
(where the operator pursued a moving target over the performance can be normalized by taking the ratio of
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Figure 4-47. Effect of Control Dynamics on Tracking Error I
rms errors to rms input. Table [V-15 shows the nor- at high frequencies and like a rate control at low
malized overall mean square errors (o2/o-,), the corn- frequencies. Unfortunately only limited modern Bode
ponent associated with the linear portion of the opera- data on rate-aided tracking controls is available.'
tor's response (o-2da-.,), and the remaining component j
or 'remnant' (o'/o2.). These values" are for rectangu- One more conclusion can be drawn from Figures
lar input spectra with cut-off frequencies as noted, and 4-48 through 4-51; the widest bandwidth that can be
for four sets of control dynamics. The rapid increase in attributed to the man functioning as a servomechanism
error with high frequency component of input, as is only slightly over I Hz (2ff radians/second). We i
defined by the cut-off frequency of the rectangular know from our prior examination of angular tracking
input spectrum w, is evident- The most accurate track- lags in the case of radar (Section 5.3.1 ) that even 6 Hz
ing in Table IV-15 corresponds to 0.10 inch on the is marginal for this problem. And so we again come
tube, or a 3.4 miliradian angle subtended at the opera- back to the need to narrow the bandwidth of the
tor's eye. This is not good enough for AFAADS, and operator's problem by providing regenerative tracking.
will be discussed later under 'Display Gain,' Why is the man limited to I Hz? The upper limit of

Now. what does all this mean in terms of the man's rapidity of his response is set by his biological delay
performance in the tracking loop. Again following time of about 0.2 second. One might draw an analogy
servomechanism practice. we can convert the open loop with a mechanical servomechanism, whose upper limit g
describing function to the closed loop response and of frequency response is determined by the torque/ 5
show output/input 2 and error/input ' as a function inertia value of the motor: a limit that can be ap-
of frequcncy.'a This has been done for Figures 4-50 proached but not exceeded by compensating networks
and 4-5 I. in the control.

It can be observed at once that position tracking has The effective gain that the man can use depends on
a wider bandwidth (as expected), but rate and accelera- the requirement to keep the tracking loop stable. If he
tion tracking do a better job of reducing error at low is following an input signal with wide bandwidth, he
frequencies (as also expected). To attempt to obtain the attempts to minimize the lag in his response (above the
best of both worlds conclude that we should use the irreducible minimum), but this limits the maximum
equivalent of rate-aided tracking in the expectation gain he can use and keep the loop stable. For a low
that such a control will perform like a position control input bandwidth he can respond less rapidly. but use
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Table IV-14. Comparative Mean-Square Tracking Errors for Compensatory Tracking

(rms Irror) -

(onhiguration YC W = 1 S Rad Sec Typc

A K 004 P.)sition tra.kinc

B K ',, 0 055 Rate trtjking

C Kb( 0.25)'s+5)2 0.08

) Kc s2 0 I8 A,,cecr,,lit'n
tracking

F K. ' s,.5) 0.30

I Kcls(s-1.0) 0.38

G KcsS4s-.15) o.75

00678-460

higher gain; and the higher gain results in reduced intersects the zero db axis at about 4.5 rad/sec. corre-
error. sponding to K, -- 4.5 sec1 . McRuer has determined

that the crossover frequency is almost independent of
Elkind showed that with position tracking"9' the forcing function bandwidth'(Reference 75. Figure 75).

operator's describing f tion could be represented as: which is a helpful generalization for our problem. By a
Yp = K j(1 + sT) (4.81) similar graphical procedure one can obtain both K,

Y Kand K. for rate-aided tracking from Russell's experi-

mental data (Reference 75. p. 121) for which we find:

where r- 0.2 second. As input bandwidth was de- Aiding ratio
creased, the operator increased gain K,. and lag T/, to Time constant Kv Ka
maintain loop stability in such a way that the ratio: sec 10 se&' 9 sec2

Kp/TI - constant = 9 rad'sec. 0.5 sec 10 sec"1  9 sec"2

K, in turn increased about inversely as the square of
the effective bandwidth of input. In the limit, the man Considering the stability in crossover frequency
functions as a rate controller operating on a position noted by McRuer over wide changes in input band-
control. This explains the apparent anomaly of how an width, we are inclined to feel that the above values will
operator with the given transfer function can eliminate give us good estimates of the operator lag in the
a steady state position error after a step input, as we AFAADS tracking problem. for the nonregenerative
k ow he does in practice. tracking mode.

For rule-of-thumb estimates of the lag of the opera- We have one final observation to make about the
tor as related to input velocity and acceleration, we can AFAADS tracking problem. and that is based on a
use the slope methods of estimating K, and K. from display of its frequency content. Suppose that we
the open loop transfer function. For example. in Fig- obtain the power spectral density of a pass course, and
ure 4-48 we observe that the YY, curve for a rate multiply it by the transfer function of the control, so
control has a uniform slope of 20 db/octave and that we obtain the power spectral density required of
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Figure 4-48. Comparison of Open-Loop Transfer Figure 4-49. Amplitude and Phase of Operators I
Function of Operator Plus Control for the Three Describing Function for the Three Control Laws

Control Laws

the operator's contrl motion, if he is to track per-
fectly. A measure ol the difficulty of the problem will G 0(jw) = G(jw)Yjw) (4.83)

be the fraction of the PSD that falls above about I and the distribution of power across frequency is given f
radian/second. We can obtain this as follows: by:

If a specified function of time f(t) is converted to a
frequency function G(ju) by the Fourier transform: IG0(J, .)I2  = IG(jw)I21Y ~ .)l 24 4) 4

G(jw) = J e-''t f(t) dt (4.82) Note that this has nor been normalized by dividing by
.o time. I

and the input i. applied to a linear system with trans- Azimuth Tracking. Angular velocity in azimuth as a
fer function Y(p). the frequency function describing function of time from the point of closest approach to
the system output is: the tracking unit (unaccelerated target). is given by:
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Table IV- 15. Error Variances for Various Control Laws

Y Rad/Sec 22 2/(7 0202
""e p I- n i

1.5 004 0.03 001

Kc 2.5 0.05 o0.44 0.006

4.0 0.12 009 (! 03

1 5 0.055 0.035 0.020
Kc 2.5 0.08 0106 0.02

S 4.0 0.25 0.16 004

1.5 0.18 00S 0 10

S2.5 0.23 0.16 00'
S 4.0 0.80 0.58 0.22

KciS+0.25) 1.5 0.08 0.05 0.03

2.5 0 10 0.05 0.05

4.0 0.13 0.11 002

NOTES: a. Stick Control. 30-degree Range.

b. 0. = 1:2-inch

c. Ey• to Scope Distance = 29 inches.

d. 0.10 inch '-3.4 mils.

11'6h 5-465

vRm w,,here:
a (4.85) 2

1 +1 11(4.90)

v Rm
= •X = - (4.86) We are interested principally in cases for which )A

I + X2t2 Rm >> 1.0. hence:
.RmWI

The tracker is unlikely to track beyond some maxi- -*

mum range. Let the probability of tracking at a range GýjLo) e (4.91)
R be: and:

2 R vt (487) 2;
I (R/Re) " ,[ I1IGjco)," = e (4.92)

Then the Fourier transform of the time function of Control position "C' is related to azimuth angle a, of
azimuth rate is: the tracking device by

GOJ) efiot/ I X dt a, = YCC (4.93)

G~~j•) + mxRX i 1/m 2 t I.
l Rc +Rc , Table IV-16 gives Y, and I/Y, for a number of

(4.88) control laws. The latter function. multiplied by
G(jG) ' gives the relative power in the spectral den-

sity of control rate as a function of frequency.

The spectral content of azimuth velocity for two pass

iRmw courses is shown in Figure 4-52. The value R_~/
v - 2/3 sec corresponds to the most difficult

r e" " . e"" (4.89) AFAADS course. By comparing the frequency contenttteagainst Figures 4-50 and 4-5 I. we note that substantial
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Figure 4-50. Error Comparison. Linear Portion of Human Operator's Response

power is present at those frequencies where the human variance of tracking error in the system as seen by the
performance is expected to deteriorate. Applying the operator. For position tracking, remnant is reliably
transfer functions for rate tracking, position tracking, represented as white noise out to at least 20 rad/sec,
and aided tracking (Figure 4-53). we note that in terms down 20 dB in density from the error variance (i.e..
of the frequency content of the control motions re- the remnant PSD divided by a.' is 0.01 per rad/sec).
quired of the operator. rate tracking intensifies the For rate tracking, the PSD starts at a slightly higher
high frequency content. Both rate and rate-aided track- level, but breaks at about 3.3 rad/sec. so that:
ing eliminate the low frequency content, but that is the
easy end of the spectrum for the operator. 5ren"oe2 = 0.035)(1 + .09w2) (4.94)

Again. we conclude that a direct attack must be
made on reducing the high frequency content of the The model argues that the source of remnant is in
input function and this leads again to regenerative the operator's perception of error and error rate, rather
tracking. than in his hand movements in operating the control.

Discussions thus far. have been principally con- Noise in neuromuscular dynamics is subsumed in these
cerned with the portion of the operator's response that error processes. and so the effect of control scale factor. I
can be linearly related to the input function by a linear for example, does not appear explicitly.
describing function. We have noted the experimental Earlier experiments with less precise experimental
findings that when the input is not too difficult and the measuring equipment'". as well as WWII experiments. I
control is docile, the component of error not described however, indicated that when tracking can be done

by this linear relationship is very small compared with accurately, the scale factor of the control should be as
total error low as possible (i.e.. large movement for given correc-

However. if we succeed in almost completely unbur- tion) to minimize errors resulting from sources in the
dening the operator in the limit, this 'remnant' may be neuromusculai dynamic component. The effect appears
the dominating determinant of our system perform- as a reduction in the fraction of operator response,
ance. The following paragraphs review'what is known which is explainable by the linear model, as control
about it. sensitivity is increased. It has been noted that the

operator controls his own gain. so that the productA recent stud- of remnant14'05 relates it to the total (operator gain) times (control gain) equal constant. J
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Table IV-16. Transfer Functions of Control Motion Referenced to Input

f, 2
Control Type 'i lor '.'k tor ocr

Position K, I K o

Rate K,'S W2 K:2

Ac'c inKc.'S 2•..4K 2 .

Rahe-Aided Ka '÷• •, -•T'+
STj 2  ii

The result is that the operator describing function is ing with rate of control motion. However in their
hardly changed by control gain increase, but the rem- experiments, control changes in input amplitude and
nant is increased. (About as K,' 3: from some rough velocity changes are of much larger variation: so that
estimates of the published data). the single effect of control sensitivity appears only in

As tracking becomes more precise, it is also probable their anahsis of variance, and not explicitly in their
that remnant approaches an asymptotic minimum figures.

rather than retaining a constant proportionality to total If we can succeed in providing a precise tracking
error, so that control scale factor is increasingly impor- instrument for AFAADS. with minimal bandwidth of
tant as tracking becomes more precise. input, the tracking error may be expected to result

An apparently contradictory finding has been pre- principally from the visual acuity of the operator. and
sented by Beare and KahnlS9 who show error increas-
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the characteristics of his manipulator (scale factor. The following three expressions have been given For
spring centering, displacement versus force type, etc.) manual tracking errors (Lockheed/Eglin) : where 6
as reflected in neuromuscular 'noise.' - angular velocity in mils/second.

In following sections. the characteristics of manipu- a. Local Director.
lators are reviewed as well as the effects of visual .optical sight, low inertia mount
acuity and magnification on the tracking process. How-
ever. before turning to these topics, we review briefly b. Gun tracked with two handwheels. (2 man) (3.5
some ýxperimentally determined expressions. for man- + 0.02 5 0 mils)
ual tracking error, based on data acquired by tracking
aircraft targets in real life. and comment on them in c. Remote control director with optical tracking
the light of our review of operator characteristics to (0.5 + 0.025 6 mils)
this point. n
4.3.1.2 Experimentally oeterminod Visual The data base and conditions of experiment have
Tracking Errors

!
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Figure 4-53. Spectral Density of Angular Velocity of Control Motion

not been obtained, and so the explanation of the same tracking region. the effect shown as velocity
functions can be only conjectural at this stage, might be an acceleration effect.

We suggest three hypotheses which should be exam- c. The man sets his tolerance on tracking precision
ined when data are available: by the apparent target size: i.e., as long as the

a. The quasi-linear model of the man is satisfactory tracking cross hair is on the fuselage he feels thathe is tracking satisfactorily. We examine the
with constant K,. K,, etc. This is consistent with
the coefficient of 8 equal to 0.10; but not with the consequences of this assumption in the following
smaller values, unless the man introduces a lead paragraphs.
component in his tracking function. Assume that angular tracking error has a standard

b. The man is able to eliminate velocity lag by deviation proportional to target dimension in the rele-
introducing lead in his response. but he cannot vant coordinate. Let the effective value of this dimen-
eliminate acceleration lag. Since high accelera- sion be L. and consider azimuth tracking. The standard
tion and high angular velocity occur in about the deviation of the error is. in angular units:
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1000 -- IO L D) sec: co .95)5 Experim ents •L indicate that the force control
provides at least equally accurate tracking to that of a

Thus if L a 5 meters, and Dc.s eo = 200 meters, then movable stick or handlebar, which is fortunate since its-
1mils . 25 mils. desirabilitN from an engineering point of view makes

We may also consider that L. the longitudmal dimension it a design engineer's choice. The operator's describing

of the target. should be projected into the plane perpendic- function is nearl, the same if the control output isexpressed in terms of pressure on the control for a
ular of the tracking line, in which case: force controller: as compared with control movement

0itiils = 1000 (L Dl sin a, cos co 14.96) for a movable control manipulator

No° consider the expression for rate of change of azi 4.3.1.4 Effect of Magnification in the Optical

muth angle, which is: System on Tracking Error I
ao = duoo  t = (vDM sin a0 cos eo This section addresses the effect of magnification in

0 0 the optics of the visual gight on operator tracking
= target speed (4.97) accuracy. Tracking errors may be considered to arise I

from two sources: the dynamics of the target motion
and the control, and the ability of the operator to

Combining (4.96) and 497) we obtain: resolve small tracking errors. The latter is related to

0 lnils ý i L r) u 0 , where do is in mils-second visual acuitv.
Many experiments in trac-ing an oscilloscope dis-

14.98) play indicate that display gain. which corresponds to
If L = 5 meters, and v = 200 nmeters/sec. then: optical power. has a threshold type of effect on error,

Once gain is raised above some value, further increases

111ilS = 0.025 aO 44.99) do not reduce tracking error. For high display gain
and stochastic inputs, variance of error is very closely

This is the same coefficient obtained from the secon. ind proportional to variance of the input signal.
third expressions for visual tracking data. Errors which arise from system dynamics are consid-
4.3.1.3 Manipulator Types ered in prior sections. This section'considers the com-

Thc types of manipulators available for a human ponent of error which varies with magnification i
operator tracking in two coordinates include: Handle- Relevant experiments vary widely in instrumentation
bar, Stick. and Ball and method. Some of the more significant are summa-

The former two may be free-moving. spring-re- rized. It appears that for optical tracking one may
strained. or a 'force' type. The 'force' type generates an write for the standard deviation of tracking error:
output signal proportional to the force or pressure 1
exerted on it. Go = (0 60 '%M) + od m'ils

As noted earlier for movable controls, the experi-
mental evidence supports the objective of having the where o,, is the standard deviation of error resulting
largest possible manipulator deflection for a given from dynamics.
response signal. Since the total travel of a stick or If the system objective for tracking accurajc is of the i
handlebar is limited, non-linear relationships between order of 0.50 mil. therefore, some magnification is
motion and response are often used. This allows pre- desirable in the optics. M = 3.0 appears to be a
cise tracking at :ow velocities at the expense of high reasonable value. The interaction between magnifica-
velocities. Nowever. high angular velccities occur less tion and mount vibration needs to he investigated.
frequently. When the mount is slewed at maximum since vibration may prevent the indicated gain from
relocitr to get on target initially, no precision is being realized. I

The ball control invented i, F-rankford Arsenal) If o', is the order of several mils. there is no point in

can have ans desired scale factor. Furthermore. it has using any magnification other than M = 1.0' from
the distinct advantage in a two-dimensional tracking the point of view of tracking accuracy.

problem that it reduces the problem to one in a single Oscilloscope tracking experiments indicate that mag-
dimension from the point of view of the operator so nification. measured in terms of linear displacement on
that he simply moses the surface of the ball in the the tube face per unit of input, affects the tracking
direction he desires to make a correction The Frank- process as a threshold effect. Above the threshold, error I
ford Arsenal *Duster* tire control ,as intended to have depends on the function being tracked and the control.

.i stick control for initial target acquisition and a ball but not magnification. Below the threshold. the stan-
for precision tracking. dard deviation of error approaches a constant linear j
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RELATIVE ERROR VERSUS DISPLAY GAIN
value on the display, and hence is inversely propor-
tional to magnification when referenced to the input.

In an investigation by Seidenstin and Birmingham" {
of the effect of display gain on accuracy of oscilloscope

Ptracking, both electronic gain (on the display) and
optical gain (by changing the distance of the operator's
eye from the tube) were studied. It was found that both
gains had the same effect, and that the data could be
aggregated in terms of their products. The improve-
ment in accuracy was less than the inverse gain. A
replot of the results indicates that the error could be -

r__ expressed as:

a = a- b/G (4.101)
where a,b are constants and G is gain. C 36

A more recent experiment in which display gain was
varied is that of Baty."' In this experiment a stochastic
input was used and referenced as a signal to noise ratio - , I 3

(S/N) with respect to the assumption that visual noise \,,T ,.LS A- O•E---._ S

corresponds to visual acuity with a standard deviation
of I minute of arc (0.3 mil). Tracking was accom- OBSERVED ERROR VERSUS DISPLAY GAiN

plished with a rate control, and the scope was 50 cm
(19.6 inches) from the operator's eye. Figure 4-54
shows Baty's results replotted for three bandwidths of
the forcing function. We note first that in Baty's t
experiment, the asymptotic minimum error on the tube I
face was only 0.008 in. and secondly that magnifica-

tion reduced error until the signal had a 10 mil input
excursion at the operator's eye. corresponding to a S/N 4

ratio of about 33.

If we suggest that the standard deviation of error.
can be expressed as:

e= 0+ Koa2  (4.102)

or:

oe = oo+ Ka (4.103)

we find that the latter expression fits Baty's data better. Figure 4-54. Comparison of Relative Error with
and yields: Observed Error versus Display Gain

tracking a 100-120 mph target at ranges at which
azimuth rate was about 0.50 degree/second. A target

the operator's eye of about 0.40 mil; about the same as painted on the side of the aircraft was tracked. Bore-

the value usually given for visual acuity. sight errors were a major problem. and systematic
errors over a run varied, between runs, from near zero

A WWII report1 6 on tracking, through optical sys- to as much as 0.29 mil. Standard deviations about
tems of magnifications I, 6. and 20 for which the these means were in the range of 0.07 to 0.25 mil:
target type is not at hand, gave the results shown in indicating that precision angular tracking can be ob-
Figure 4-55. These results indicate that error can be tained operationally.
expressed as: :E(mils) = (0.62M) + 0.20 mils (4.105) If we are seeking fractional-mil tracking accuracy

and succeed in 'unburdening' the operator by provision
A recent Aberdeen experiment, "' intended to de- of a good regenerative tracking system, the limiting

velp maximum precision tracking for laser experi- accuracy seems likely to be a value which is closely
ments, used a 248-inch focal length optical system for related to the visual acuity of the operator. It seems
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with the optics described previously determined the
angular thresholds for seeing small black matte targets ann

t against terrain background and against an empty. field
background. This experiment provided the following

1A*CKNG results.
Terrain Empty l-icld

Optical Systcm Biackground Background

211 and 3 power 0.12-0.18 mril O.A t -0.13 mil

I.,) so IOU .3 20o 1 pokser optics 0.47 mil 0.45 mil
• MAGNIFICATION M

Bart eves 0.26 mil 0.22 mil *

(binocular vision) --

'O'T In a comparison of 6 x 30 binoculars with the
unaided eye in the observation of a variety of aircraft

062o types including both prop and jet aircraft, it was found E
-E02I that mean detection ranges (under optimum Texas

sighting conditions) were from 8600 to 13,000 meters.
and that the detection ranges with binoculars were not

consistently different from those with the unaided eye.
In this experiment, the observers had about 5 minutes

0 0 11 warning and knew the approximate direction of ap-
0£ m•o proach to within about ± 15 degrees. Tentative recog-

MAGNOfICATON nition was at 4 to 6000 meters with the unaided eye,
and 5 to 8000 meters with binoculars. Positive recogni-
tion was at 2 to 3000 meters with the unaided eye. andFigure 4-55. Variation of Tracking Error with 3 to 5000 meters with binoculars.Magnification •

When the sector assigned to the observer was further
hkel~v that some magnification will be required in the widened, both detection and identification ranges de-system to reduce this error to a magnitude consistent creased drastically for the unaided eye. Other experi-

smetem tor reducete this error toa aeri magntud coiilanwith the overall error budget. A matenification of about ments were conduced over vry flat terrain (near Gila
Bend. Arizona) under conditions of excellent (15 mile)3.0 seems consistent with this obnective. The effect of meteorological visibility. T-33. F-86. and F-100 air-vibration as a function of magnification needs to be craft were run in at 400 knots, and ranges of detectioninvetigaed.and identification (regardless of whether right or

4.3.1.5 Detection and Identification wrong) were recorded. The sector assigned to an ob-
server for scanning was a parameter, and varied from

Another aspect of magnification is the range at 45 degrees to 360 degrees. Airplane altitudes were
which targets can be detected and identified. Many either 500 or 1500 feet.
factors affect these ranges. and the present discussion
will be limited to very good viewing conditions, which Figure 4-58 shows the cumulative distribution of
should provide upper limits. Figure 4-56 shows the detection probability as a function of range. and Fig-
ranges of detection and identification of an F-86 air- ure 4-59 shows the same information for identifica-
craft flying at 250 knots and an altitude of 3000 ft at tion. Narrowing the sector scanned improved both
Yuma Test Station, Arizona. The monocular viewing probabilities, but note that only about one-third of the
devices were fixed, and the observers field of search detections had occurred by the time the airplane closed
was the field of the fixed optical device. This is shown to 3000 yards, and that the 50 percent point on identi-
in Figure 4-57. One would expect the range of both fications is well under 2000 yards.
identification and detection to increase as the square The T-33 (straight wings) was correctly identified 97
root of magnification under these conditions. Thiq percent of the time, hut the F-86 and'F-I00 (swept I
expectation is confirmed by Figure 4-57. with the wings) only about 75 percent of the time.
expection of the 3X optic. which was much better than

Since the report gives some information on the effect
expected. No explanation for this was Cound, of minimum crossing distance. Figure 4-60 has been I

Visual acuit, was indicated to bh a critical parameter provided to show the mean detection and recognition
in the discussion of the effect of magnification on contours in the horizontal plane. This figure suggests
tracking accuracy and display gain. An experiment that an airplane coming straight in at the observer may
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Figure 4-56. Variation of Detection and Recognition Range with Magnification

has not been possible to make a thorough search for
experimental data in this field, and such a study should

7P Ibe performed, to supplement the results noted above.

4.4 WEAPON CHARACTERISTICS

,ELo The weapon, the characteristics of which have been
used for reference in this AFAADS study, is the T250

0 Gatling-type gun designated as the Vigilante. In retro-
spect. Dr. Gatling's gun has nad a long and distin-
guished career. The United States Navy and Army

t 4 S 6 adopted the original Gatling gun in 1862 and 1866
MAGNIFICATION ON,847A respectively' 2 2 By 1880 Gatling was demonstrating a

rate of fire of 1200 rounds per minute. and before the
cField with turn of the century 3000 rounds per minute had been

Fi . arnifation Fattained with a gun driven by an electric motor. Gat-
Magnification ling guns of that era were built in calibers from 0.50 to

0.75 inches in 6- and 10-barrei models with muzzle
be very difficult to detect and identify. But this effect velocities of less than 1500 fps. The Union ArmN
was negligible when the direction of approach was bought 12 Gatling guns. complete with 12,000 rounds
known more closely in advance"'. Figure 4-61 shows of ammunition for 12,000 dollars. These guns were
mean detection range as a function of sector scanned. used in the siege of Petersburg. Virginia. Costs have
Since the RAID device reduces the scanning area to increased somewhat since that time.
about 45 degrees, it should provide an improvement of"
about 50 percent in average detection range under The following paragraphs present the modern gun

optimum conditions. characteristics, some of the ammunition options under
consideration, and a brief discussion of target

The results suggest very strongly, however, that vulnerability.
visual target detection and identification will impose
very, severe limitations on AFAADS effectiveness. It Characteristics of the modern T250 Gatling gun are

4-67



'0

06

CUMUATIAVE go
DE ?fC -ON

*AO&ASr1L~yV

:110

0 44=:000 12.,

RANGE [VAAOS

QOs 475

Figure 4-58. Cumulative Probability of Target Detection versus Range

ln--

AIRCRAF T SPEED 400 KNO S

CUMULA IVE6- 

ALTITUDE 50OR SOO FEET 
I

DEN I iCATION
PRO8AAIIL TV

04 I

1 'z:•
0 0 8000 12000

R A N G E Y A R DS V8 4 16

Figure 4-59 Cumulative Probability of Target Identification versus Range

4-68

I



TARGETSO01RECTION

O~STANAN Ii1• ANCONTOUR

OISTANC• RECrOGNI TION

IYAROSI lCN

OI•SAVER low 2m 4000

DISTANCE IVAROSI

0%7&477

Figure 4-60- Contours of Mean Detection and Identification Range

4000..

I

C

0 9O 180 270 3m0

SECTOR 10EOREES) 00676-478

Figure 4-61. Mean Detection Range versus Angular
Sector Scanned

4-69



shown in Table IV- 11 For comparison, the characteris- Similar trends were obtained for helicopters. i
tics of the 20-mim version used in the Vulcan air
defense system are shown in Table IV-18. It was concluded that to within a factor of 2.0 the
4.4. 1 Exterlor Ballistics following approximate expressions could be used:

Both 'V.1ire 4.62 showing remaining velocity versus a. Frontal Area = 0.10 Side Area. - -

range and Figure 4-63 showing time of flight versus b. Wing Area - Side Area.
range. include the 'present' Vigilante round (T324E22) c. Side Area Weight.
and three proposed improved rounds. The rounds
plotted on these two figures have the following charac- d. Fuselage Length (Weight)' ?*

terisvtW_, Some very gross estimates were made of the proba-

a. Designates the T324E22 at 3000 fps muzzle bility that a hit would produce a target kill as a
velocity. function of aircraft gross weight. Considerably more,"work is required in this area, and only the Ballistic

h. Designates the T324E22 round without rotating Research Laboratories have the facilities to produce an
band. at 3600 fps and weighing 1.6 lb. authoritative relationship. Critical considerations in-

c. Designates a boat-tailed round with rotating clude, whether the pilot and copilot (if any) are pro-
band at 3600 fps muzzle velocity. tected by armor, what kind of protection is provideddf Designates the preceding round without rotating against fuel fires, duplication of vulnerable compo-
band. nents. etc. Interpretation of the kill probabilities in

terms of mission kills requires consideration of the
The ballistics are believed to have been computed degree to which the aircraft is depending on automatic

for 10 Quadrant Elevation. Case (4) represents ballis- equipment. its vulnerability, and where the target is on
tics about the same as those attributed to the Swiss- its flight path.
made 35mm Oerlikon. Figure 4-67 has therefore been designated 'hypo-
4.4.2 Terminal Ballistics thetical' kill probabilities in hope that it will stimulate

the experts in the field to replace it by a better repre-Data were not available on the effectiveness of the
sentation. It does give a very rough idea of how much37ram round against aircraft targets. However. since

estimates of target vulnerable area were desired for the of the presented area of the target should be reduced
kill computations reported later in this study. some in the kill computations.
very rough estimates were made. These are described It is believed that the trend of kill probability with
below, the weight of the high explosive carried by the projec-

tile in the 37mm range is valid. The M54 37mm
First, estimates of typical target sizes and their projectile carried only 0.10 pound of high explosive,

presented areas were desired. From the open literature, the T-37 was designed for 0.25 pound. and the Ger-
dimensions of current fighters, fighter-bombers, and man 'Mine' family of 30mm and 55mm projectiles
tactical bombers, were abstracted. Approximate compu- carried 28 percent of their weight in high explosive.
tations of aircraft side area, frontal area. and wing For a 37mm projectile weighing 1.6 pounds. a 28
area were then made from the published outline percent load would be 0.46 pound of high explosi\u.
drawings. However. since the German projectiles were designed

for a 2000 fps muzzle velociiy, there is a tradeoff for
Figure 464 shows side area (including the fin between high explosive content

plotted against normal takeoff weight. Figure 4-65 and muzzle velocity.
shows frontal area plotted against normal takeoff
weight for a fixed wing aircraft, Wing area if plotted The curves of Figure 4-67 are consistent with Ger-
on the side-area chart would follow the same trend by man combat data against the B-17 and so they are not
remaining within the same scatter pattern of points, entirely hypothetical."' "' For a constant high explo-
Figure 4-66 shows the aircraft length versus normal sive content, they have been drawn so that over the
takeoff weight. linear range, probability is inversely proportional to

aircraft weight. This makes vulnerable area indepen-
Although the frontal area of the aircraft is related to dent of aircraft weight in this region. For a much

the pilot's dimensions for small aircraft, as the aircraft more conservative estimate of target vulnerability.
size increases, the engine intake area increases in size. refer to Dr. Brandli's estimate. reproduced in Section
This relationship accounts in part for the trend with 5.6.
gross weight.
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Table IV- 17. Characteristics of the Vigilante, T250 Gatling Gun

Caliber 37 MM

Number of Tubes 6

Dtameter of Gun Custer 10.0 inches

Rate of Fire High 3000 RPM

Loý 120 RPM

Burst Size 48 rounds

Bursts pe" Load Normal: 3 (144 Roundsl

Optional- 4 t 192 Rounds)

Round Weight 3 4 lbs

Projectile Weight 1 65 lbs

Muzzle Velocity T4231 22 3000 fps

Improved 3600 fps

Tube Cant 45 minutes of arc

Dispersion Adjustable by Changing Tube Cant

Time of Recharge

Drum Between Bursts 2 sec

Magazine Reload Time 2 5 minutes

Elevation Limits -5 degrees to > 85 degrees

Moments of Inertia

of Armament Package Azimuth 6280 in-lb-sc,.2

Elevation 5060 i-lb-se 2

Power Requirements For Acceleration: 108 HP

For stead, state 42 HP

00678-4 80

4-71



Table IV-18 Characteristics of the Vulcan, XM-163 Gatling Gun

Caliber 20MM

Number of Tube, 6

Rate of I-ire High (for Bursts): 3000 RPM

Continuous- 1000 RPM

Burst Size Option, 10 Rounds per Burst

30 Rounds per Burst

60 Rounds per Burst J
100 Rounds per Burst

Load 1100 Rounds (linkless feed)

300 Rounds (linked feed)

[leoamion Limits -5 degees to 80 dcgrees

Max Azimuth Rate 60 degrees/sec

Max Elevation Rate 45 degrees/sec e

Max Acceleration

( A.z l ) 160 degrees icc 2

Maximum Lead Angle 25 degrees "

Tube Life 2500 Rounds~bbl

'4erg~it To\ed 3000 lb

Self-propelled 26,000 lb

0067K);-481 ]

I
I
I

I
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Figure 4-62. Velocity versus Range Ballistics of the Vigilante T324E22 and Three-Proposed Improved Rounds
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SECTION 5
ANALYSIS OF AFAADS SYSTEM REQUIREMENTS

5.1 SYSTEM CONFIGURATIONS carriage that traverses in azimuth) Figures 5-3
The three basic components of the AFAADS through 5-6 show typical configurations of this pN

weapon system are the sensors, the computer. and the It is conceivable that the sensor complex might heweapon. the sensor acquires target present position mounted on a ring concentric with and internal to the

duta, the computer predicts future position, and the training circle of the gun's lower carriage with a
weapon fires at the predicted position. The process is. separate drive from the vehicle. While this would
for our purposes, continuous. Air defense y'stems have effectively uncouple the sensor and gun motions. it
been built io tire only a single salvo at - would require some design ingenuit. as sse!l as moreieach tar.et. powerful servos to drive the ecnsor complex than some
however, our interest is in a gun system that may fire
continuously, or in a series of bursts. of the alternate options discussed below.

An objective is to have all components of the A simple soiution, from a design point of view and

AFAADS system mounted on the same vehicle (or an often undesirable one from an operational point of
• view. is to mount the sensor unit on the eun: compute

mount for a towed version). The following paragraphs
discuss some of the resulting options in arrangements. leads from apprnpriately delayed gun rates, and set thein view of this objective, sensor back from gun position by the lead angle

Vulcan employs this appro.ich Figure 5-7 shows the
An additional objective is that AFAADS have a fire elements of this disturbed reticle lead-computing sight

on the move capability. The implications of this will be solution. As shown, the operator controls the gun
discussed. movement directls. but observes the consequences of

Figure 5-I shows the elements of the tracking loop his adjustment of the control onl, after it has filteredfor angular tracking of the target. The discussion of through the gun servos and the computing sight. Thissystem can be made to work satisfactorily •,ithin therange tracking would be similar but simpler (since ifmits of accuracy of whatever lead computation is
vehicle motion does not affect range measurements
significantly), and so range tracking will not be dis- provided) provided that certain precautions are taken
cussed explicitly. in the design of the control. These precautions are-

that the control have a significant position component.

In Figure 5-1 and the following figures. D represents and that the la2 in the gun servos be very small. This
a unit vector aligned as indicated by the following type of system has been unpopular when put on a
subscripts: mount with rate control. The rate control introduces a

t: along the tracker-target line. 90-degree phase lag in the loop from operator's hand
back to his eve. the sight adds another 45 degrees. and

s: along the axis of the sensor. the gun servos add addttional lag. As discussed in the
sectton of human operator performance. phase lag in

v: along an axis fixed in the vehicle or mount.setoofhmnprarpromnc.hselgi
the operator's control loop of whatever magnitude is

g: along the axis of the gun tube (we ignore trajec- undesirable and degrades tracking accurac,. The Navy
tory curvature in this discussion). has been successful with disturbed reticle sights he-

cause they have been mounted on unit, that are
Dt represents an error vector. INinited directly by the operator. without rate drives.
As indicated by Figure 5-1, the sensor (which may The Mark 63 director, for example. consists of a

be a man) observes the difference between sight and poiiling unit with a lead computing -ight but without
target orientation, and generates a corrective signal power drive. The operator. b, tracking. ains his direc-
which is applied to a control and/or servo, which in tor 4t the desired predicted position, which is transfer-
turn drives the sight relative to the vehicle to reduce red by servos to an adjacent 40mm or 3 inch 5o gun
the observed error. Since the whole apparatus is on the mount.
vehicle, vehicle motion is an extraneous input which It is possible. by putting phase adsance components
must be corrected oui in the tracking function. in the cotitrol unit of the sx,,tem shos. n in Figure 5-'

If both sensor and gun are mounted on the same and hN using very high performance gun servos. to
vehicle, but indcpendently of each other, the addition build i, system that will he as eas, to control as a
of the computer and gun to the system is straightfor- tracking system without a Hosever. the problem of
ward (Figure 5-2). This may be difficult to accomplish manual tracking in high acceleration regions remains.
from a design point of view. To achieve a compact The concept should not be disc.,rded ,is a candidate for
design it would he desirahle to mount the sensors on minimum cost systems because of experiences ',ith
the lower carriage of the gun (i.e., the portion of the some unfortunately proportioned past designs.
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Figure 5-5 Layout of the 5PFZ-B Antiaircraft Tank
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The circulation of tracking errors through the corn- elevation angle, and slant range are the basic measure-
plete lead computation and gun positioning loop can ments, however, a doppler radar allows the direct
he essentially eliminated bv the arrangement shown in measurement of rate-of-change of range as well.
Figure 5-9. Here the sensor is mounted on the gun i
lower carriage, as in the configurations shown in Fig- Depending on the application, other coordinate sys-

ires i-3 through 5-6. However. the same servo that tems have been used, particularly in cases where it is

drives the gun in azimuth relative to the mount, rotates desired to stabilize the tracking mount against motion
the sensor pedestal in the opposite direction bs, an of the vehicle carrying it. Figure 5-12. reproduced
equal angle. Thus the gun traverse has no effect on from Ewing', shows nine types of tracking mounts.
sensor traverse (within the resilience aid backlash An advantage of a three-axis mount, such as (g) in
tolerances of the respective drives). The sensor elevates the figure is a the train and elevation axes can be

independently of the gun on its own ped -Ntal. positioned so that the cross-elevation axis perpendic-

This seems to he the most straightforward and eco- ular to the slant plane containing the tracking station
nomical solution for AFAADS. and the target velocity vector. When this position hasbeen achieved, tracking of an unaccelerated target is

The elements of sight stabilization against vehicle reduced to a one-dimensional problem. The target,
motion are indicated in Figure 5-9. An inertial refer- moreover, mav be tracked continuously withou! exces-
ence is provided in the sight head. and servos maintain sive angular velocities required of the mount, even I
the sight line in a prescribed relaticn to the reference though it may pass directly overhead. A German track-

in ;pite of vehicle motion. The sight line is caused to ing unit of this sort was built during WWII. Three-axis
move in space, as indicated in Figure 5-10, by apply- mounts have been suggested for U.S. Army tracking
ing a precessing torque to the gyros constituting the equipment from time to time.'
nertial reference. For AFAADS we will consider only the type of

The complete s\,tem is shown in Figure 5-1I. Angu- 2-axis mount shown in Figure 5-12(b). This limits
tar velocities of the target in the inertial reference tracking above some elevation angle (such as 85 de-
system are obtained from the precessing torques in the grees). and this limit must be considered in conjunc-
sight head. These, together with azimuth and elevation tion with the maximum angular velocity and accelera-
relative to the vehicle, are transmitted to the computer tion capabilities provided for the mount. A small
which generates eun orders. A separate vertical refer- conical 'dead zone' above a fixed tracker is acceptable
ence unit may provide corrections for vehicle tilt if because of the small volume of space it defines On a
these are considered of significant magnitude. Since rolling and pitching vehicle, such as a destroyer, the I
the rates are obtained in inertial space, the orientation influence of such a dead zone extends over a iiuch
of the lead vector is independent of vehicle angular larger volume because of vehicle motion, and this is a

motion except to the degree that the motion is intro- reason for considering mounts with more than two

duced to the smoothing function through the angles. axes for Naval applications.

This needs to be analyzed, but is considered to be a To go from measurements of target present position
small effect. This solution is considered preferable to a to estimates of target future position. it is necessary to

stable element on the vehicle to which all measure- make some assumptions about the target path. In
ments are related, because it avoids errors in data particular, in order to filter tracking errors from the I
transmission. Stabilization of the sight line against the measured target position data. it is desirable to convert

effects of gun fire even when the vehicle is not moving the position data to functions whose derivatives vary

is considered highly desirable, and this should be interdal, smoothing
interval. 1

achieved. The system as shown does not lend itself
easily to acceleration predictions in the computer algo- The second and higher derivatives of the target
rithms. but these can certainly be omitted for fire on position measurements in the original polar coordi-
the move. nates are too large in certain regions of interest to

allow effective smoothing without introducing input
5.2 COORDINATE SYSTEMS errors caused by the delayed rates which must be

A ground station tracking an aircraft target most corrected later in the computational process.

naturally measures target azimuth in a horizontal The most natural parameters on which to do data

plane with respect to a reference direction such as smoothing are those describing target motion in target

North. elevation angle with respect to the horizontal. centered coordinates. These are the magnitude and
direction of the target velocity vector, and possibly the

and slant range to the targetr Such a tracking unit has
tw" axes% it rotate% in azimuth about a vertical axis. rates of change of these quantities.

and elevates about a horizontal axis. Azimuth angle. If the prediction assumption is simply that the target J
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Figure 5-8. Elements of a System Whereby the Sensors are Mounted on Gun vvith Lead Subtruction

_1-- Aý If one wishes to admit the assumption of a turning
REFERNCE EAE Totarget. or one that accelerates alone it, flight path

CLE when it dives. the algorithms are considerably more
straight forward in a rectangular coordinate system.

The early antiaircraft fire control svstems. and many
World War 11 systems based their lead computations
simpl\ on the product of azimuth and elevation aneu-

-6- lar velocitv b, time of flight, without any attempt to
smooth the angular .elocitv measurements (except h%
instructing the human trackers to track smoothly and
accurately)-

Figure 5-9. Elements of a System Utilizing Inertial Mr ohsiae ytm.hsdotaglrtak
Stablizaionof Sght ineing velocities. apiplied the appropriate trigonometric

corrections so that the solution had no Peometric errors
is unaccelerated. then niiwriant functions can be com- when the target path was unaccelerated.
puted to use in smoothing. These functions can be
imbedded in rectangular, polar. or mixed coordinate The functional transformation, involved in several
systems. In rectangular coordinates the invariants are typical fire control solutions are outlined in the follow-
simply the linear target velocity components along in pagrhstilurteheeecofordne
each coordinate axis. system.
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Figure 5-10 Elements of Tracking Loop with Stabilized Sight
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Figure 5-11 Elements of System with Stabilized Sight, Unstabilized Gun and Correction for Tilt

5.2.1 Rectangular Coordinate System e = elevation angle

This coordinate ;vstem was used in the UJ.S- Arm'/ J
Sperry M-2,3.4 directors and the Bell Telephone Lah'o-
ratorv's M-9. except that the first three types used A. - azimuth angle in the horizontal plane

altitude rather than slant range as an input from an arbitrary reference (such as North) j
A geometric representation of the rectangular coor- The first coordinate conversion obtains target posi-

dinate system is shown in Figure 5-13. A flow diagram tion in a rectangular coordinate system, in which:

of this s,,stem is, shown in Figure 5-14. 1
The tracking unit providesý: 0D co• e smf.Ao (5.1

D- slant range '' = cuseosA (5.2) 0

5-8 I
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Figure 5-12- Typical Coordinate Systems
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fit, D.. . (53. D . .... +. n A +. N.. .. . A.. .

p-I . * .P P.2 •

(5.13)

and it also derives range to target in the horizontal
plane as = 4[II = a Jl (Xp N ..PI V Yp A,.-pi I 5. 14)

R ,, = D,)o c~

The differentiating, smoothingr, and predicting unit
obtains smoothed measure of rates (and possibly accel- Ihe citqitities D c, enter the ballistic unt. %shich
erations) in each of the rectangular coordinates. For penerateN
simplicity at this stage. assume that only rates are
measured, and designate a smoothed rate such as that Ip p i pop .f Ipplhl 0.1to

in the X coordinate as X, o = c4l)p.p.', 1. - .4.

A digital computer would obtain this quantity as
= (I)CLpe 1h , l 1ton I ,A\ I!x droi). xevtical Jklinp... .

a0 (t) = ajX A) It . j)1) I, =.

and an analog computer would obtain it as- = azimuth correc,:tion foi drift. jump. ýWld, etc. (4 I h)

Xoft) = A ,IXo (t - d .) and A are parameters common to all trajectories such

as gun muzze velocitv, air densitv, wind, ammunition

From the smoothed rates, rates in the polar conrdi- lot, temperature. etc.
nate system are regenerated and fed back to the tracker Time of flight is fed back to the prediction unit. The
according to the relations: elevation and azimuth corrections are added to A.€: to

produce gun iring orders A. h The gun servos drive
ooAthe gun to null gun position against A,&h.

I sin eo -) 5.2.2 Rectangular Coordinates: Rates Obtained
U 0by Gyros on the Tracking Head

eor D, = k , sin Ao si o -o cos Ao sn en Suppose that the system has a stabilized line of sight
-- (possibly based on three gyros with orthogonal spin

axes: one in the vertical plane and perpendicular to the
SI"o cos e 0  (5.81 line of sight, one in the horizontal plane and pcrpen-

dicular to the line of sight. and one along the line of

"Aor R1 = X °SA 0 -costA A0 (59) sight). Tracking is accomplished bh torqueing the
gxros, w, hence the precessional moment is a measure of
angular velocity and is available for use in the compu-
tation. It is also assumed that rate of change of slant
range is obtained from a doppler radar. The three

Predicted values of the rectangular coordinates for angular rates obtained are:
time of flight I, are computed as:

ex= elevnation rateXp = N o+.• Ip 0510 1 oW SOft
•" = trasCefsdrate = co ,,C)

yp = Y o+ .Y o t (5.11) ' - rato ot rotation about tlih line '11 1ie',l l = sAo t') .1i ')

+ (5.1 XSUBo.YSUBo.H. are ohtaincd as before, but the

p = -0 p rates in rectangular ctoorditile, aunsnmoothcd) maN

now he obtained as:

A coordinate conversion unit converts these to polar X)= (D, cos e, - c t - c,,) , A', 7 I) 0.
coordinates according to the relations: 5 lt)4
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Y )Cosc C,. ,D~ Sille )Cos A 7 D~ sint A0  v sill GCosO 0

(5.20) a R(-5
Ho= D0 sill c +e R1o DCos e.(.1

v vsin 0cos c + % cos 0sine co Cs a,
e(5.20

These rates may now he smoothed, and regeneratedD
rateýý fed hack to the tracker after being derived from D 1o~oacs snsn 0 '.7)the followtng relationships. vCs0CsaCs ilasl

- . rm iues51

Dor = (,sin AL. + Yoco AO~) Co eo + H0 sin eFrelat i guns:-1 through 5-17 and preceding

(5.22)
r D = - (Xo sinA A +" os A)sillo + C- s R os6=R - Cost Cos a0

D = X0 cosA -Y sin A (5.24) = Ro .RtP (5.28)

v sin6cso =,ossvcosot~snao

The advantage of using rates obtained from a stabi- = v o (5.29)

lized sight is that they are imndpendent of vehicle roll o p

and pitch. Further analysis may* show that no addi-
tional corrections are needed for fire from a moving b dD 0 cosos e o (.)vehicle, since the corrections for the very small rota- SinF 6-1 thp D c Cosrece.3
tions of the coordinate system caused by vehicle roll
and pitch. when moving on a fairly smooth road. will e- (5.31) .
be verD small compared with the corrections which P o
would have to be introduced to compensate for the
corresponding rolling and pitching rates.

ro D =Xoco s-'Osn A (.2)= s Re Ose- R o e snp (5.32)

The rate has not been used in the above relations. co sp sino

This can he essential when rate regeneration and possi- H R - R H
ioN prediction are done in polar. rather than rectangu- P 0 R e
lar. coordinates. DOD (5d3h t

5.2.3 Polar Coordinates 
H tsn0(.4

The first 'exact solution in polar coordinates was p 0 p
developed hy Veitkers in England. It had no geometric
error against a target flying r constant speed. constant RP R ( I - Cos 5) + R - Cos a Cos 0
altitude, straight line. The Vickers solution is general- p (5.3)
ized below to include diving targets. The notation is
identical with that used in the prior examples of
rectangular coordinates with the following additional sin o Dp sin 0 o c sin Co]

symbols: pC i

a = the angle i the horonal plae between the target s (5.3)
velocity vector and the range vector. ( eom AO) s

R = horizontal range t
= e nrle of climb of the target sin o D o - sine0 cose I -coss)

Dp
= lead angle in the horizontal plane t (5.375

edIn the slant plane dedrned by D. and the target path
then:

Geometric representations of the polar coordinates are D[ s D + b t (5.38)
shown in Figures 5-15 through 5- i7. 0 P

We note first that the azimuth. elevation, and slant
range rates are. where A is lead angle in the slant plane. We wish toJshow in igurs 5-5 though--12
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Figure 5-15. Geometric Representation of Polar Figure 5-1 7. Spherical Triangles Showing Lead-
Coordinate System Angle Derivation

Eliminating S. and E from the above three expressons:
.0Cos .1=Cos 0 * - Co Cos o Csep P (.421

//hence 
, Do + D_ tp

-
C.aosa- I -Cosh1cosc',o 5

On examining Equations 05.30). 15.37). and i 5.43l. it
is clear that the trigonometry is not simplified bN using
polar coordinates. Even for this simple case of a target

Figure 5-16. Polar Coordinate Projection in Slant flying a consta nit-speed straigzht line. many sine. cosine
Plane functions must be Peneraied~and ma•nipulated. We are

still left with the problem of smoothing the input rates.
express A in terms of 8 and (r, From the spherical since any attempt to• smooth A. e and D directly will
triangle of Figure 5-17: impair tile accuracy of the solution.

Cos .. = Cos ocosbST+ Sillasin hTcos E (5. 39) For full predictor solutions., polar coordinates hadS~the ad•,nta~e in the diys of" mechanical predictors

and romthe pheica tringl ofFigue 517:that the s:care factors of 'the instrument could be ad-and ro m the phe ica tri ngl of Fig u e 5 17:justed to handle )nl,\ the lead angles,, -A hich f'or targets= ~~of that ",vintage ,were not large. R~ectangular coordinate
sin o c° f~ sneo~ inf c~s oc~ E (5 101 solutions. on the other hand. required ,,orme elem ents

that had a range equal it) the maximum target range
., .,expected to he encountered. Hence it A•as. he hleved th~at

CosbT = sin- eo + eCOS"C Co os ,5 15.4 1) instrum ental error,, could he m inim i .,ed he,t b ', the

75-1
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polar coordinate (or one-plus) type of solution. This
argument prohahl% doe% not hold for modern tl 0 r0 tan co 15.48)
computers.

One method of smoothing the data is to smooth the D, = v 'il .2.
polar coordinate velocities directly, and correct for the
input lag errors (introduced by his process) by apply- 0 -v Cos Q1 (5.50)
inp additional correction terms in the solution. Ani- -(

other i, to smooth the computed lead angles 8 and o,, A flow diagram of the process of smoothing and
since the, vary less rapidly than the input angular regeneration, using the above relations. is shown in
velocities, and then apply corrections to the solution Figure 5-18. The comnple-e solution of the prediction
This was done in an ingenious design by Frankford process is not diagrammed, since it can be inferred
Arsenal during WWII. from the expressions given earliet.

It is also possible to smooth the input rates, without Although the rectangular coordinate system, as pre-
steadv-state lag. by a regenerative unit operating in viouslv defined, is easiest to discuss, it is not necessarily
polar coordinates, along the following lines: the best choice for the final AFAADS design. W.-at

design is chosen depends on the prediction algorithms
Define the three orthogonal angular velocities mea- the designer chooses to mechanize, and the hardware

sured at the sight head by: ro e. o., he has available. Design analysis might indicate, for
These are interrelated by the expression: example, that if a stabilized sight head with internal

gyros is used, rate regeneration and smoothing might
-= a cos e0  (5.44) most efficiently be done in polar coordinates within the

sight head, to minimize error accumulation in data
cos ¢(5 45 transfer. Having good. smoothed rates, one might then

0 .prefer to predict in polar coordinates. Corrections for
target acceleration could be developed in polar coordi-

co = o sin (5.46) nates and applied within the computer. The elements
of the problem, of course, do not change with the

. ao = a. sileo (5.47) coordinate system.

AN -_ C•; N • RS-0-
t•° SCL• T,-0

:=OR c °O''
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Figure 5-18. Flow Diarram of Regeneration in Polar Coordinates
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53 Aunaccelerated target, hut it must also provideREGENERATIV TACKING tracking at least as good as conventional tracking

As previously developed in Sections 4.2. Sensor against an accelerated target.
Characteristics. and 4.3. Operator Performance Char- h. When a human oiperalor is in the tracking loop.
acteristics. the angular velocities and accelerations, the system must provide him with consistent and
developed by high velocity targets passing close to unambiguous response. i.e., any specified control
AFAADS. and to a lesser degree. the slant range movement must alwass result in the same ds-
acceleration, create problems in providing control namic lesponse of the sight reticle. When the
loops which are tight enough to avoid undesirable lags. man is tracking in two coordinates (elevation-
The human operator performance is most seriously traverse . this consistency, is especiall important.
impaired, if only a conventional rate. or a rate-aided An elevation adjustment must appear onl, as an
tracking control is provided him. This impaitment elevation movement of the sight. etc.
results from the I Hz bandwidth equivalent of the man
performing a servomechanism Function. In the case of c. It is desirable io have regeneration function as a
radar, although a tight servo will reduce lag, it also normal element of the tracking loop. rather than
passes the whole glint spectrum which results in a cutting it in Ldter tracking has begun. This re-
standard deviation of tracking error of comparable quires careful design of the regeneration loop
magnitude to the linear dimensions of the airplane. with regard to stabilit, and settling time.
The ability of the gun to follow high angular velocities d. The ss'tem must degrade gracefully. It should
and accelerations may also be limited b' the torque- function w&ith incomplete inputs: for example.
inertia parameters feasible in the design. without range. tnd loss of the range input during

a course should not cause loss of target.
In a sense, the high accelerations required of the

tracking unit to follow an unaccelerated taiget are an e. The system should continue to _eneratc gun or-
artifact of the coordinate system. Regenerative track- ders and regenerated-sensor postti,tn based on
ing i- based on the assumption that some parameters last measured rates even when all datai from the
of the target path arc constant, or vary slowly, so that target is lost for a short interval, as when the
these can be measured and used to regenerate tracking target passes behind a terrain obstruction or the
information. The regenerated data can then be fed operator .s vision is obscured bi, smoke.

back to the tracker. The elements of the process are f. Whether regeneration should be done. using
identical with the lead prediction problem in aiming rates determined from the prediction process or
the gun, which also assumes that some parameters of

separately in a component specifically for this
target motion are constant during projectile time of purpose (possibly in the trackine head). is a

design trade-off to he resolved from overall ss-

In addition to assisting the sensors, and if necessary tern considerations The optimum rate smoothing
the gun in normal operation of the system. regenera- function for regenerative tracking is not neces-
tive tracking can assist the system in tracking through sarily the optimum smoothing function for lead
intervals where the target is obscured from the sensors. prediction. and tht compromises insolved in

Such obscuration may be caused by smoke at th:- gun merging the func:ions require an in-depth
mount, or by terrain obstacles between the tracker and analvsis.

the target. in the case of sensors which occasionally The general concept of reeneratin2 tracking rates
miss a data point (such as current laser range finders), was sketched briefly in th.- prior section on coordinate
the regenerative process allows the solution to carry systems. In the present section we review briefly the
through the missing data. magnitude of the laps introduced by conventional

In the early days of radar. when targets were slow, it tracking loops. and then develop in greater detail the

was possible to track for brief intervals of lost signal characterisics of regenerative trackin, systems.
by simply freezing the angular tracking rates at their 5.3.1 Control Lags
last values. This is not possible for most of the
AFAADS operational region because target angular In this paragraph we consider first servomechanism
velocity measured at the tracker is usually changing lags. and then estimate the lags likelx to he produced

rapidly, bv the human operator.

Some operational objectives for regenerative aidirg The AFAADS .sstem %itll incorpora'e .i number of
are as follows: servo units to drive the sensors, the aun. and some of

the computer comp'onents. Because of the high angular
a. The tracking dynamics must be conservative. i.e., velocities and accelerations developed in trilcking fast

the regenerative aid must provide a substantial close-in targets, servo lav is an important considera-
improvement in tracking accuracy against an tion. The principal problem, ire espected to be associ-
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ated with the sensor and gun servos- Servos internal to It is assumed that the servo is linear in the range I
the system are not exp.c'tet ",) be a problem because of being considered.
the very ho% inertia of the ,mponent, thes drivs. The 'Design P( nt' course for AFAADS. which

In the following discussion it should be remembered. stresses the target lollowing ability most severely, is "
however, that the state of the art of servomechanism described by:

and associated drive desian is suflictentl, advanced so Target speed: 600 knots
that, with the exception of loops including the man
funcimning as a servo. hoth the ,ensor and gun loops Minimum horizontal crossing range: 200 meters

can be designed to have small and acceptable lags Altitude: 200 meters
without regeneration, even against AFAADS courses. For a specified minimum horitontal range. maxi-

The price paid is in higher maximum torque'inertia mum elevation acceleration against a level target is
capa bility of the drive. ..nd more stringent design experienced when altitude equals minimum horizontal
requirements on gear backlash, shafting resilience. and range. Maximum elevation angular velocity is experi- i
general structural rigidity. In the case of the radar, A enced against a slightly higher path, but the maximum
wide-band servo will pass more of the glint spectrum. differs in magnitude by only 4 percent.
especially with frequency diversity. For AFAADS,
however, there is a system optimization trade-off be- For the given parameters the following maximum
tween data smoothling in the radar servo loop and data derivatives of input functions are obtained:
smoothing ,n the prediction function. The sensor servo
hand%,idth would normally be made an inverse func-
tion of range to reduce the contaminating effect of Azimuth Elevation Slant Range

thermal noise on the signal to noise ratio at long 4
ranges. At short ranges, it may he better to pass the Vcloclt%, 88 dcg'sec 21 deg/sec 308 meters/set:
whole glint spectrum and filter the error caused by
glint in the prediction anit.

Gearless drives have been developed for high per- Acceleration 88 dcgsec2  
68 degisec 472 mctersfsec

formance trackers. I
The U.S. NavN Mk 74 Gun and Guided Missile Fire

Control System. for example. employs a gearless drive The angle loops are assumed to be closed by first
motor, built by Gener 'i Electric. The Mk 73 Director order servos with zvro-position lag on constant-posi-
,'Ornponent of this system is driven by an amplidyne - tion input.
controlled, direct-drive motor The power drive is a
combination of a direct-drive dc motor and an ad- The following table %V-I) lists the values of K, and
vanced servo control. The stator of the train motor is a K., which have been inlicated to have been used in
part of the structure of the dir,!ctor base. and the rotor various radar tracking servos in the past. Also included
is an integral part of the rotating column. A similar are the associated lags on we preceding course.
arrangement is used in elevation. This system elimi- In all cases. acceleration lag dominates. It should be
nates gear trains in the drive. noted that K. for the moderrn conical scan radar was

The error signal is fed through an amplifier, into the set to reduce the effects of scir.tillation, and the set is
control field of an amplidyne generator The output of for long range tracking. A much larger K. would
the amplidyne generator is connected to the armature reduce lag. but at the expense Cf scintillation-caused

of the direct-drive motor which positions the director error.
rotor. All structural members of the equipment have The value of K.. under the radai marked 'X'. was
resonances in excess of 20 Hz. This equipment has estimated from results of some extens~ve field analyses
been in service since 1960. of the performance of a WWII type conical scan pulse

To estimate the magnitude of servo lag error as a radar without MTI against very low flying targets. -
function of servo parameters. consider the conven- At the point on the target path where acceleration
tional method for estimating servo lag, as expressed by peaks, the I-degree lag corresponds to a linear distance
the formula: of only 4 meters at the target. However, with a 1-de-

L =i) d ti Kv + td udt k + (d30- dt3)K +... gree beam. a lag of several degrees would cause the
a K3 radar to lose the target.

where: 8 is the function which the servo is trying to Even with large K,. the higher derivatives might
match. L is lag. and the K. are coetficients determined cause problems and would need to be investigated by a
b% analssis of the servo transfer function, complete servo analysis.
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Table V-1. Typical Radar-Sensor Servo Lag Coefficients and Lag Components

Airborne odern Modern }
System S('R-584 I Radar '~tul•upsc

(CoWffiLicnt

Kv: 200 wc"1 125 se&1  I 1 5n 10 c- 1 500 ,e" 12 sCL"

16 scc"
2  

13 sec"2 90s " 0.63 swcc- L'nkno\vn

Azimuth Lag

Velocitv 0.04 deg .0' deg j 0.02 deg 11.2 dcg 3 dcg

Acceleration 5.5 dcg 6.8 deg 1O deg 4W deg t nknown

Ilceation Lag

Velocity 0.01 deg 0.02 deg 0.004 deg 0.004 deg &K dog

Acceleration 4.2 deg 5,2 deg 0.8 d.g 108 deg tnknox,,,u

Note. I deeie = 17.? mils

006"8-519

For an instrumentation servo, values of K, = 500 sufficiently fine-grained to show this detail-
sec' and K. = 3330 see2 have been reported. These
values should allow adequate following of the angular The simulation runs were then repeated with gun lag

information within the computer. Lags in the range in addition to sensor lag. Coefficients Kor the gun
servo and the range-rate servos (in the case of doppler servos were set at K, F 250 se.; and K. = 50 see'r

in~erat meaureents ar no conideed t rere- Results are shown in Figures 5-21 and 5-22. The errorsrange-rate measurements) are not considered to repre- with the previously noted coefficients are all unaccept-

;ent a problem because of the very light loads on the ably hare. "
;ervos. In addition, a range error affects prediction rge.

:rror principally through the computed average shell 5.3.1.2 Estimated Lags Introduced by Human
velocity which is a second order effect. One estimate Operator
for a range servo indicates K., = 2000 sec' and K, =
90 seec. In all-electronic ranging systems, servos are As developed in Section 4.3 there is a limited basis
not required. for approximating the lag of a human operator em-
5.3.1.1 Simulation Runs ploying rate-aided tracking in terms of the coefficients

K, = 10 sec: and K, = 9 sec'. More extensive data
To indicate the effect of sensor lag. when the errors on position tracking suggests that in this case one

propagate through the complete prediction function, might estimate K. as high as 50 and K. as high as 20
the Ginsberg simulation was run with zero noise input (Svstems Technology. Inc.) or 40 lElkindI. For rate
and lag inserted by Equation 5.51 to two terms. For all tracking alone, extensive data indicaXes a maximumt
three coordinates. K. = 500 sec' and K, = 90 sec' value of K, of only about 5 see:. In view of the miss
were used, overemphasizing the probable range error. distance developed on the simulation with much higher
Figures 5-19 and 5-20 show the results in terms of the performance servomechanisms in the tracking loop, a
errors at the closest approach of shell to target using human operator would not be expected to perform
Vigilante ballistics. The computation was printed out at satisfactorily on the chosen course without regenerative
one second intervals of present time. aid. How badly the man can perform is indicated by

the experimental manual tracking data obtained in tile
The magnitudes shown in the figures indicate that the experiment mnl t ra dat oedcinte

errors at the target, caused by sensor lag are of compa- tracking experiment for which the radar coefficients
were designated 'X. For manual tracking, the effective

rable magnitude to those estimated from Equation K. was 1/2 sect I
(5.51). The error caused by azimuth lag changes sign
at midpoint, where the contributions of elevation and 5.3.1.3 Reduction in Servo Leg
range lag are maximum. The root mean square angular
miss curve and the curve of linear miss (distance of A servo loop with K. > 3000 wec. K, > 500 sec2 .
closest approach of projectile to the target) may in fact and appropriatelb higher coefficients will develop no
have cusps at the peak for this reason, but the one- lag problems. It is he!ie ed that these values are within
second printout of the data chosen for these runs is not the state of the art. even for Run servos. If these values
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are not attainable because of limited available torquen simulator runs, described in the following paragraphs. I
inertia capahility, or for other reasons, various other were made of this mode to test stabilitv. The method
methods of lag compensation are possible. One also does not reduce actual sensor pointing error. I

method, which has had some operational use, is to !correct the sensor outpot signal electronically by ad- Sensor pointing error can also be reduced by inject-
ding the error signal measured in the servo loop. This ing a compensating signal into the sensor error aea-
does not reduce the physical pointing error of the surementsa which in efects 'boosts' the servo by Fiving 3
sensor. but it improves the accuracy of the output data. it advance warning of high velocity and acceleration
Another method is to compute the expected sensor lag requirements. T'his is probably the preferred solution.
from the smoothed rates in the computer, and then The latter two methods are described below. Al-m
inject a lag correction between the sensor output and though they use some of the elements of a regenerative I
the computer input. lThis method Jepends on the con- tracking function, their objective is limited to reducing.
stanc•, of servo• performance parameters and will fail if sensor lag in continuous tracking.
the servo is out of" adjustment. However, since it is easym

to test on the present level of simulation detail, a few System elements are shown in Figure 5-23, which
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Figure 5-20. Linear Miss Caused by Sensor Servo Lag
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Figure 5-21. Angular Miss Caused by Sensor and Gun Servo Lags Combined

defines the notation. In terms of the transfer function and solving for Y,:
Y,. Y,:

0 ;0-=* .L

where Y. is the feed-forward transfcr function for lag The ,ernomech-inl\m w-ill h.,c ,,o 'elo.'it or accel-
compensation. K_, K, can be identified for the uncom- eration lap if. to lerms in 7
pensated servo by expanding this ratio in general as a
series in s. so that:

001 -(s. (. . •9. = I. W,•Kj KWe therefore desire a feed-orward . i2nal to nj.ect
in the servo error input ss hich is:
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Figure 5-23 Elements of Lag Compensating System

L: I rK + IK- - K) Si acceptable assumption even when the target is acceler-
- ated, as is showkn in a later paragraph.

%xihere the ~uh,;cript 'r' designate% *repeneraited' ),elocitt The particular algorithms used will depend on the
and *icceleration computed from th smoothed, and coordinate systemn employed in regeneration- As ain
hence delased. velocities developed in the smoothing example. algori~hms are developed on the assumption
unit that a rectangular coordinate system is used, with

Since c~en smoothed mei~uremcnis )I acceleration target velocities smoothed in rectangular coordinates-

aeexpected to he un.!cceptahIN noisN. it is considered From the rectangular coordinate system shown pre-
preferahle to assume that the target is flying an unac- viously in Ftgure 5-14 wkith the notation there defined.
celerated coure,. and compute the geometric accelera- the polar coordinate rates are easily determined in
tion, from velocitie, on this assumption. This is an terms of' the rectangular components 'of target velocity

5-20



V.. V,. and V, (svmbol Z is used for H in the interest of -- T -
uniformity of notation) as: 1

R-A YVx - XVý (S.57)

D-e RV, - ZR (5.5t)

R = YV, + XV .) -

DL) = RR+ZVI = XVx +YV +ZV\ ('.60) . ,-•,l• \,.__ •

Next, on the assumption that the target path is
unaccelerated. the polar coordinate accelerations are -
determined from the preceding relations as:

R, -2RA' (5.61)

,5.62) -2/ -
D2,e = -2Dbc - R(A) Z (S.63) -4

DD) (D&)2 +(RA) 2  (5.64)

This is sufficient information to develop the desired -

feed-forward lag correction signal.
Because of the way that accelerations are computed, Figure 5-24 Settling Time of a Lag Correcting

the system is inherently non-linear. An in-depth analy- Circunt.
sis of response time and stability needs to be made to
ensure satisfactory performance. further analysis. b% applying conventional techniques

It was possible to make a quick determination of the for designing sampled servo systems. will eliminate
probability of system stability by considering the recir- ripple and allow substantial reduction and shortening
culation of the corrective signal through the regenera- of the initial transient. However. the intimate interac-
tive loop on the simulator. This is equivalent to impos- tion with the velocii,, weighting function should he
ing the lag correction at the servo output. noted.

Because of insufficient time, no attempt was made to 5.3.1.4 Lag Compensation for Gun Servos
optimize the combination of smoothing function and
feed-forward function. In the available velocity The method of injecting an anticipatory ,ignal into
smoothing element of the simulation, velocities were the error signal of the servo loop can be used to reduce
smoothed by least-squares weighting over a 0.4 sec the lag of the gun servos, if they do not have suffi-
5-point memory. The initial transient was extremely ciently large K,. K .... The gun can he considered to
large. The system response consisted of a rapidly be pointing (except for minor ballistic corrections) at a
damped component, and a very lightly damped ripple, point which leads the real target by: target velocity x
the latter of which is a characteristic of improperly time of flight. If V is taitget \elocity. this point has a
compensated sampling feedback systems. However, the velocity of V i I + t.). Gun angular velocities and
system was stable. Figure 5-24 shows that the principal accelerations can be computed using the equations
error decayed in about 0.8 sec. Figure 5-25 shows that developed earlier for the sensor, but usin2 the velocit,
the ripple persisted for 5 seconds. Both characteristics of the predicted point.
are unsatisfactory, but correctable by better design. Injection of this ccrrection in the gun servo loop is

When the feed-forward signal injection was delayed more straightforward, since the gun motion does not
until the rate measurements had settled (0.4 sec) nei- feed back into the velocity measurements.
ther the initial transient nor the ripple appeared, and
the simulation generated the proper lag correction over The necessary expressions are developed in the fo-
the remainder of the course. lowing paragraphs.

Since stability of this non-linear 3-dimensional svs- The gun points at a target moving it a velo•itv V
tem has been demonstrated, it seems probable that (I + t). Then a method of computing velocities in
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Figure 5-25 Undesired Ripple in a Lag Correcting Circuitj

gun coordinates is to) use the expressions given as where.
E-quation.% 5.57) through (5.60) but multiplied b,,

I + L,).i.e.:
v dD!dtP projectile remaining velocity

at D (572
AP= A 1(I 1+ t ) (5.65)1

CP= C P,( I + tp) (5.66) A ~p~rDl 53

RP = R e5( 2 + 1d(5.67) At midpoint where the lae correction is needed most.
d t u P t is vets small, and hence can probably he taken as

zero-
D = Dpj(nI + I (5.69) T- obtain accelerations, note that we can write:

%khere the subscript 'I' indicates. the values computed r pJ + r(ip)2  (5.74)

dithoup correction for ate ofchange of time of flight. r ng o

To obtain t,. consider the expression for D.: ar d I D Pdt 2 (5.75)

Ap = Ipl(I + tp) (5.69) pp I
and since The term. a. ip o imply the deceleration of nee shell

along its trajectory, and can he approximated as:

dD pt P, in -dic thdt dp ( rdt 2 =kvr tp (5.76)

thene

where k.tr are projectile characteristics.
d= d : dpdp~ti (5.70) tdeDp/d(l tp0 )-+ vr (5.76:1

5henDP = -v A•p = Ap I(lI+tp -) :+ ApI tp P5 7
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S• C , (I )27pp, Implementation of the regenerative function is
p p Ip p straightforward when the loop is closed by a servo-

mechanism and follows the flow diagrams shown in
D pi(] + t + Dp (5.79) Section 5.2. When the error sensor in Figure 5-26 is aman and angular tracking is considered, there is a

PI p/ r /p further consideration having to do with the objective
{= [Dl Vr- pl)4rj ;'`r pj)3  5.6S)) of providing a position component in the man's

control.
If D, and hence t. are ver, small, so that their contri-
bution to the rate computation can be neglected, then: As discussed in Section 4.3. one would like the

movement of the operator's sight to he related to the
tp - DpliVr V(vrDp (5 )81 movement of his control, in spite of intervening dy-

namics, according to the aided tracking relation:

5.3.2 Complete Regenerative Tracking 0 = K I(T+(P'l J".82)

The tracking system with complete regenerative
tracking is shown schematically in Figure 5-26. For
completeness, the lag correction signal is shown explic- This could be done in the circuit of Figure 5-26 ny
itly, although it might not be needed, depet.iing on the making the error signal E (shown as emitting fron' the
servo characteristics. In normal operation the tracker sensor) proportional to the movement of the man's
servo reproduces the regenerated target position, but control. If his control is a Frankford Arsenal 'ball'
superimposes on the regenerated data the corrections there is no problem. because the ball has unlimited
responsive to the tracking erroi which is measured rotation. However. with a handlebar or joystick con-
directly by the sensor. If the target is obscured, this trol. the accumulated errors in integrating the regener-
error input is interrupted and the tracker operates on ated rates would eventually require a position error
regenerated rates only. Also shown is the input from correction beyond the limits of movement of the con-
an outside source such as the surveillance radar which trol. This can be prevented by making the operator's
allows the tracking sensors to be put on target control movement simultaneouslv a position input and
automatically, an input to the regenerated rate integrator. His control

II
• ~SEN•SOR

TRACKEA
S~SENSOR

• .CLQE TO) OPEN.

U~rT

DATA FROM T ATA•

AC QUISiTION PAOAR

W~N.iT REGEN'E RAT ED

Figure 5-26. Elements of a Regenerative Unit with Servo Lag Correction
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%%ill then respond (except for delays in the tracker and: g= i cos M.R,
servo response) as + where n is number of g's acceleration.

K I) V~2/This is at maximum when the target is headed directly
at the tracker. For example, a 5g turn at 200 meters

fhis response. although less desirable than Eiquation represents an azimuth acceleration of 250 mils/see.
05.82). should permit more precise tracking than that This 'worsi case' value is substantially less than the
Possihle 'sith a simple rate control. een when the maximum value of geometric acceleration.
latter ha.i a regenerative aid

During a time T,/2, where T, is smoothing time. I
It aippears that the regenerative tracking system target heading changes by ,,.T,1 2. corresponding to a

provided on the present Vigilante system corresponds change in angular rate of:to the operator control law:

0,1 (K9: A I +(sT)-I 5.84) .1 = V.RndsinacoSawaTs (5.87)

i e.. lagged rate tracking. (:_TS Rm)sina cosa

If the circuit has been correctly understood, there is
no position component. It might be expected therefore For 2-sec smoothing, a 5g turn, and R. - 200
to provide tracking accuracy superior to rate tracking meters, the angular velocity deficiency in the regenera-
without regeneration, but less precise than the same tive tracking circuit will be 250 mils/sec. Again, this
system with a direct position component. value is substantially less than the maximum value ofthe geometric component. •

The elements of the regenerative unit with manual t
control are shown in Figure 5-27. Only the horizontal It is concluded that the assumption of an unacceler-plane solution is shown for itmplicity. An alternate ated target for the regenerative tracking system is

configuration. in which the regenerative unit develops satisfactory, and that such a sybtc;m will provide sub-
regenerated present position rather than velocities, is stantial assistance, even against accelerated targets. In
shown in Figure 5-28. The smoothed values of X and azimuth, the unregenerated angular velocity and accel- .1
Y must Se updated to present time by using smoothed eration components have maximum values only about
velocities, hence the oerall dynamics should be identi- one-sixth of the respective total values.
cal. However. the system of Figure 5-27 has the advan- 5.3.2.2 Regeneration with Partial Informationtage that it can operate as conventional aided trackingif the regeneration elements fail. The algorithms, described in the preceding section.

5.3.2.1 Effect of Target Acceleration have been based on the simultaneous use of range-,
azimuth-, and elevation-input information. A few al-•

It is desired that regenerative tracking assist the gorithms employing information in fewer than three
operator (man or machine) principally when the target coordinates are described in the following paragraphs.
is unaccelerated and that it not degrade tracking per- i
formance by providing conflicting information when Range can be regenerated from range information
the target accelerates. It is easily shown that the re- only. This is r'ossible because the second derivative of
quirements on the tracker to follow the polar compo- the square ui range is constant, when the target is
nents of target motion caused by target acceleration unaccelerated. This may be seen from the following

are relatively light; so that regenerative tracking will relationship: I
help in this case also. w D2= +X2 (5.89)

Consider azimuth tracking. If the target is turning in whereI
a horizontal plane at a rate of turn w,. there will be
two components of azimuth motion not provided by m
the regeneration. One is caused by the target accelera- i
ti0n directly. The second is caused by the fact that the d
regenerated rates are developed from smoothed (hence get to the point of minimum range
lagging) target velocities, so that the regenerated rates
will correspond to the target direction at the midpoint i:
of the smoothing interval. d = -2Vx 5.0) i

A target rate of turn (, causes an azimuth accelera-
tion, from this source alone, of slherc. j

a Vwj CcosaR. (5.85) V = tarect velocity
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and 'inallv:
system shown in Figure 5-30 may have relatively short

d2dttD-) =2V = constant time constants. It should be useful in assisting thedloppler radar to track continuously through nulls in .
Figure 5-29 shows a regenerative unit when range. the doppler signal. t

only is available. Figure 5-30 shows a regenerative unit
for use when both range and range rate (from a It is interesting to note that both systems allow time
doppler radar or laser) are available, of flight to be computed with no additional informa-tion, according to the relations: '

The former loop can be closed by a man instead of a

servo. The integration of acceleration can be giver a r-
relatively long time constant to minimize the effect oi Dp2 = 2 td~dt(Do2I ÷((112 tp Id2/dt2Do2)ISDo" + tp dftDo) + 12.t2•2dt(.
the phase lag on the man.

Doppler rates 2re sufliciently precise so that the (3-92)

! SE RVO 0, SQUARE D

00676 53u

Figure 5-29. Elements of a Range Regeneration System
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Figuye 5-30. Elements of a Range Regeneration System with Doppler Rate Input I
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p t (D P) (5.93) 2 o +(A cos eo)- (5.101)

The effect of noise on the computation needs to be These relations may he used as shown in Figure
investigated. However, it is probable that the system 5-31. From the normal angular tracking process, fl, is
incorporating Doppler rates would he entirely generated. An estimated value of the parameter VD,, is
satisfactory. set in and a resolving unit computes and displays D0,

Both systems should be helpful in the laser se,"c The operator need not know the value of VD6. but
loop to assist in carrying through missed measure- simply adjusts its input until the Dc reading agrees
ments. with his estimate of range. On a one-man mount this is

a busy operation for the operator. However, once set.
5.3,2.3 Azimuth Regeneration Do will change smoothly and can be fed to the

It should be possible to regenerate azimuth on a computer.
similar basis, using no more than two integrators. This If intermittent range measurements are obtained
follows from the relations: from a laser, a servo can close the loop and refine the

cot a = x!Rm (5.94) setting of VD, with each measurement so that thegenerated Dý matches the measured point.

didt(cot a) = V/Rm = constant (5.95) In this scheme, range will be as noisy as the angular
velocities and the system requires further atnalvsis in

d2/dt2(cot a) Z 0 (5.96) detail supported by computer simulation

5.4 PREDICTION AND FILTERING

Both a and the parameter V/R,,, are initially un- The most critical element of input data for the
known. The rate of change of a is known as: design of an optimum AFAADS system is the quanti-

tative description of target paths. One would like to
d a/dt = -dAo/dt (5.97) know the relative frequency of occurrence, duration,

and relative importance of path segments of various
where: A0 is the azimuth angle from an arbitrary types. This information is lacking. It can be argued
reference. that since the flight path is, to a considerable degree. a

matter of choice of the pilot, such a compendium could
However, it has not been possible to develop an not be produced. However, the pilot does not have

appropriate regenerative circuit using azimuth alone in complete freedom of choice, since he has a mission to
the available time. For the reader who wishes to do accomplish within constraints imposed by aircraft ma-
this we note two additional relations that may be neuverability. weapon type. and weapon fire control
helpful: system.

2A 'A = 3(A)2 4(.,A) 4  (5.981 The purpose of the extended discussion of Target
Characteristics in Section 4.1 was to attempt to iden-

which can be put into the form: tify and quantify the types of target paths with which
32 AFAADS must cope. However, it is clear that to maxi-

d2dt2 (.•-•A = (A) 3  (5.99) mize the effectiveness of its antiaircraft effort in the
long run. the Arm, should maintain a continuous
effort to accumulate and analyze, on a systematic statis-

5.3.2.4 Solution with Estimated or Intermittent tical basis, records of real aircraft on actual military
Range Inputs missions within the range of antiaircraft fire.

A possible degraded mode of operation of the From the current examination of target characteris-
AFAADS system is one in which range information is tics, the following elements have been abstracted as a
denied (ECM or range finder inoperative), or intermit- basis for considering what kinds of prediction modes
tent (widely spaced laser returns). In either case we should be considered for AFAADS.
would like the regeneration and prediction functions to
operate smoothly and as accurately as possible between The range of speed should be from zero to about
measured or estimated range inputs. Mach 1.5. Although most attacks on ground targets

will be conducted at subsonic speeds, strafing attacks at
An applicable relation is: supersonic speeds are possible. It is believed that target

SoIDU2 = V Dm (5.100) velocity will normally increase in a dive, and decrease
in a climb or high-g turn.

where fl)0 is angular velocity of the sight line in the The largest values of target acceleration will occur in
slant plane and: a direction normal to the flight path.
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Figure 5-31. Elements of a Range Regeneration from ,ngular Velocity System

Current airborne fire control systems require that the Deliberate jinking' by pilot on a passing, but not
aircraft fly a line segment tiat is approximately terrain-following path, can substantially degrade a
straight for a short period of time prior to the release prediction scheme. A similar problem is created by the
of iron bombs. Advanced fire control systems may evasive maneuvers of a helicopter after it has released
eliminate the straight segment, but their accuracy re- its air-to-ground armament.
mains to be proven. A strafing attack will normally
have a straight line trace in the ground plane. We conclude, therefore, that it is necessary to exam-

ine a number of prediction options on plausible 1'
The most 'normal' maneuver for an aircraft is a courses. As long as the target aircraft has a straight

constant rate of turn. which can be maintained with line segment in its repertoire of attack paths, this
the controls approximately centered. This includes a should be the basic element of the AFAADS prediction
straight line as a special case. A pilot who has reached option. since the payoff in target kills is highest when
the target area and is visually searching for his target it occurs. I
may hold a relatively constant rate of turn as he
searches. Additional options have the highest priority if the-

widen the variety of attack paths that can be engaged
Since the time to turn through a given angle is: successfully without degrading the effectiveness against

T VO (ng) (5.102) a low-acceleration target. An option such as curved
flight prediction must be used with discretion because I

whcre 8 = angle. V - aircraft speed. and n is the of the time involved in switching back to straight line
number of 'g' of radial acceleration, the time to turn prediction when the target stops turning. Even though
can be relatively long at high speeds. Thus, a pilot the predictor may make the transition in negligible
turning for a second pass on a target and flying at 250 time, the effect at the target will be delayed by projec-
meters/second will require 40 seconds to turn 180 tile time of flight. I
degrees at 2 g and 16 seconds at Sg. At 75 knots, a
helicopter turning at 2g would require 4.8 seconds. The Whether option changes should be at the discretion
turn, if performed totally within the AFAADS enve- of the operator or the computer is to be determined. It
lope or even in part. would thus persist for longer than is probable that the computer should make decisions.
the projectile time of flight, thus the aircraft might be among those allowed it a priori by the operator with
engaged with a curvilinear prediction. The radius of operator override control.
turn of the helicopter would be only 280 meters: I
however for an aircraft at Sg. it would be 1300 meters. The number of options to be included depends on

Figure 5-32 depicts the radius of a turn for an aircraft the cost in terms of computer complexity and their
flving at variou, speeds. Figure 5.33 graphically repre- effectiveness. Comparative effectiveness will be pre-
sents the time of an aircraft to turn 90 degrees for a sented later from simulation runs. I
given speed. The effectiveness of prediction depends on the qual-

The effect of flight roughness caused by air turbu- ity of the input data as well as the prediction algo-
lence has a small effect on prediction error as com- rithm. hence prediction and data filtering are comple-
pared with other causes of error However. the irregu- ma-ntarv parts of the same problem. In the following
laritv of flight path produced by terrain following paragraphs. prediction algorithms are discussed on the
creates a serious problem in prediction. and must be assumption that data smoothing is done properly. In a
dealt with explicitly later section. methods of data smoothing are discussed.
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Figure 5-32. Radius of Turn P - lincoor of Aircraft Speed

5.4.1 Prediction Algorithms s are weighting functions applied to posi-

The following discussion begins with the conven- IN SI ments. The outputs of the three weighting

tional polynomial predictors and then continues to ",',., .M -rations are. respectively, smoothed posi-

more exotic types. This discussion will be phrased in - . and acceleration. Roth coefficients k, k2
output of the filter above it for lag caused

terms of a rectangular coordinate system, although it -.. thing time (they update the smoothed estimate

will be recognized, as previously discussed in the sec- ing time (te update the smoothed eotimat

tion on coordinate systems, that similar operations can mial for time of flight a.

be performed in other coordinate systems. usually at

the expense of considerable additional trigonometry. Typical values of k, and k,. for the same equivalent

Beginning with the assumption that target present smoothing times T, in each derivative, are:

position has been transformed to rectangular coordi-

nates, it is desired to compute a predicted position. k + IT (5. 103)

Following Blackwell, the elements of a polynomial
predictor (up to and including acceleration) are shown
in Figure 5-34 in Blackwell's notation.
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Figure 5-33. Time to Turn 90 Degrees as a Function of Aircraft Speed

= (1 2) .+ T +(T 6 ii (5.104) capacity limits) if desirable, to allow the option of

S' changing smoothing time without introducing tran-

The filters may be discrete or continuous. sients in individual filters.

5.4.1.1 Prediction for Unaccelerated and for The simplest predictor utilizes only the upper two

Turning Flight elements of Figure 5-34. However, the curved flight-
Forreaonsdevlopd blo, w prfernotto se algorithm considered for AFAADS is based on the

Fh r aclreasions deveoedblwwuremet fo r not o uste following considerations. It is believed that the only
the cceeraion easremnt or AAAD inthe turns of sufficient constancy and duration to qualify as

same form as shown in Figure 5-32. the peI p ', w I t
principle of maintaining separate computations of prdcalpthsgeswilbtoeinaoiztl
position. velocity, and acceleration allows flexibility in plane. They can he superimposed on vertical motion of
constructing alternate prediction options on demand the aircraft, such as climbing or descending turns, but
within the computer. without incurring additional filter vertical acce!cr-ition is unlikely to be large for extended
settling times. Filters with different smoothing times periods of time, while a 3g turn may continue for over I
can also be run simultaneously (subject to computer 25 seconds in the case of a high performance aircraft.
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where: •.a rate of" turn of the aircraft.

Solving for -a

• ,•1

We compute w,. by the preceding algorithm, from the
smoothed rectangular coordinate rates and accelera-
tions in X and Y. For short arcs typical of AFAADS
prediction and the same smoothing time of all the
filters, we can then predict X and Y according to the
relations:

X = +XIo+X T 21T

+ (1 2)Y a- + l, + (T,:,' () 5. 10t))

Y Y +Y•to+ (TS 2)1

N 2pc, + + ( 15.110)

where a time of flight, and the bar, represent values
smoothed over T,.

Prediction over large fractions of a circle would
require inclusion of trigonometric terms, but the above

Figure 5-34. Elements of a Polynomial Predictor approximations have been verified on the simulation as
satisfactory for AFAADS.

The use of an acceleration measurement in predic- To compromise between the effect of noise on the
tion amplifies the effect of tracking noise. If an acceler- curvature correction and the bias in aim point caused
ation algorithm is used in all three coordinates, the by the turn, it may be desirable to use some fraction
amplified noise will be present in each. whether there less than 1.0 of the curvature correction. This can best
is a target acceleration in that coordinate or not. By be determined on the simulation.
using an acceleration element in only one dimension, The question of how to decide when to use the rate
namely perpendicular to the flight direction and in a of turn correction arises. It is clear that:
horizontal plane, we minimize the effect of trackingnoise. a. It should not be used unless the target is turning.

because of the amplification of tracking noise in
The algorithms are as follows: measuring accelerations.

Let the target velocity projected in the horizontal b. Because of this added noise in quadratic predic-
plane be Vh, and its heading relative to the Y-axis be 0. tion. the linear prediction will probably be better

against very slight turn rates.
Then: X V11 sin 0 (5. 105) Implicit in the decision to use quadratic prediction is

the assumption that the target A ill hold a constant turn
rate long enough for AFAADS to predict and fire a
few rounds. There is also a penalt,, in switching back

= Vh cos 5.106) to the linear mode; since, even if 'both are carried in
the computer. so that there is no delay in making the
linear prediction. a segment of the new linear path
equal in length to time of flight %%ill be fired with
quadratic prediction.

Since target acceleration will never he measured
perfectly. we want to bias our choice of mode in the
direction of linearitv when measui.od accelerations are

=•-V sin Ow (5.108) small. We can do this by the threshold criterion just
' -h a =-a 8 mentioned, or we can use a more sophisticated and
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prohaihl\ more eflhcient gradient cruteron The two P(Q:At) f /(AiA 1  An
criteria (where A. is measured taraet acceleration) are:

(5.112)h/ IA 1A) dA,

T Thre,,hold +j- III M

A) .\ iA(" then uwe Linear Mode. P(L:"t) r- f( AfflAtI dAm

(2) It !AMn>C then use Quadratic Mode. (5 113)

b. Gradient =I -P(Q!At}

(I) If Am! SC. then use Linear Mode. c(Anl - A)

(2) If CU<IAmISCI thenusea PiLAt) =Oe A dAn(. 1  141

fraction ( I Aml-Co)CI -Cd of the -C
quadratic correction. When target acceleration is zero we want a very

high probability of using linear prediction.
(3 If C < Ami then use the full A111-

quadratic correction. f e 2  dP(L 0) = %, f er _- -A dAm 5.1

The gradient criterion is most easily tested on the This value can be obtained from tables. However a
simulator. We can do some analysis of the threshold convenient approximation to the integral is the Polya-
criterion, however, and the following paragraphs at- Williams approximation:
tempt this. 2X [•_

54.1.2 Linear versus Quadratic Switching " f c dt< 1i-e
Criterion

In this section we discuss the process of deciding with an error that never exceeds 0.0075 5.116)
which algorithm to use, i.e., whether to use the linear
or quadratic prediction when the absolute value of the If P(LI0 = 1.0 -A. where A is small then:
measured acceleration exceeds some specified value C. C n1C.2 c

Since target position measurements are contami- P(LI 0) = I - I -

nated with noise the measured value of acceleration A.,
will differ from the true value A,. and the probability
density function of the difference is assumed to be: (5.117)

(Am AII - A-C OA l og (2a) " I
.¢ Ad ---- ec= 5.1 I8)

ImAtAm e 20A- dAm

Then the probability of using linear or quadratic
(5- Il1) prediction as a function of true target acceleration A, isSa s hown in Figure 5-35

where estimates of the variance in the error in measur- Obvioul th saer t uh m
Obviously, the smaller the value of o-,,. the smallering A. are obtained from the filter analysis. the value of C that we can set.

Let PQ A,) be the probability that we use the The function shown in the figure is;
quadratic prediction when true acceleration is A,. and T

P(L A,) be the probability that we use the linear P(QIAt= I - P(LIAt) (5.119)
algorithm when true acceleration is A,. where: 2 m
Then: I C-At 2-

PLIAe = - "-C-At- e 2 dy (5.120)
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Figure 5-35 Probability of Using Linear versus Quadratic Prediction Mode

For At • 0: A reasonable form is:

2(C+At)2 2= \%L C (51 _4

P (L kA t. _ - e w here V> and s can he related to term s in the kill

1 probability formula. Fi quadratic prediction against a(5.1 21 poaiiyfrur!C 1 2target of an, AX:

e "a 2 %0:,,J = V1  = constant. 5 .125S

These value functions are compared in Figure 5-36
where: thle (+) sign is used for A< o A' Now we need to guess the relative frequency with

and -) sign is used for > C which we will encounter accelerations A. (this guess isalready implicit in our choice of V- and .-. Since this
is pure conjecture at this point, we Arite the probahil-

also: itv densit, function in a form which will facilitate
integration:

A( C-At 2 At A
P(LIA " - I e (5.1221 PIAtjdAt !1

The value of our Nqstem. with the switching option

To decide where to set C. and in fact whether to use is. then

quadratic prediction at all. we must consider:

a. If the target does not accelerate, how much better
is linear than quadratic prediction (since the
latter is more strongly degraded by noise).

b. What is the probability that the target will fly an
accelerated leg.

We can formalize the guesses involved in 'b". and to
a lesser extent in *a' as follows:

For linear prediction against an accelerated target.
we write a value function (the kill probability could be
used): VLIAt) (5.1 23) Figure 5-36 Relative Values of Prediction Mode
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V(+\t I+<. AtI V[4 t c == .58

4'.+

then:
+ P(Q At Vt dAt < I'

4-

P(L) 0 1.74
Rather than integrating at this point. d ftterentiate with Si t q.r4 a hr-
respect ito C Ito obtain optimum C The only terms Since the quadratic algorithm is so rarely used for
containig U aire P(. Ai and P(Q A.i this set of parameters, we would probably not choose

to build it into the computer. Note that the low P(L)
SAfter some rather tedious algebra we find that the results from the large error in measuring acceleration

optimum value of C is given b1:

(.2= -.\4 ,l_+.iI 1,, A consideration in using the threshold criterion is
g2  e how rapidly the decision algorithm changes modes.idepending on noise. Some rough estimates, based onI zero crossing theory, indicate that when target acceler-

"-r log (5.I +8P ation is at the threshold, option changes will occur at
about one ,er second. This 'chattering' is undesirab!e.
and can be subdued by requiring several samples to

One more expression is of interest. Once we have exceed C within a specified time to switch to the
determined C, the probability of using the linear op- quadratic option. The linear mode can be favored at
lion is: this point by requiring fewer confirmatory samples to

go from quadratic to linear than from linear to. ~quadratic.
P(L) - - c \°A + 1t 2 (5.1 29c It is likely, however, that exploration of the decision

algorithm on the computer will indicate that the gradi-
The above expressions are relatively opaque. The fol- ent criterion is the preferred basis for computer selec-
lowing two cases are simple examples to illustrate the lion of this prediction mode.
rationale for determining the probability of using the If it turns out that the prediction for target rate of
linear option: turn is both superior to linear prediction against turn-

Let inp targets. and above some acceptable threshold of
s = 0.20g ot = Qog effectiveness as well, and that constant rate of turn arcs

are likely to be experienced in real life often enough to
The first expression states that an accelerptiun of 21/2(0.2). maintain interest in this algorithm, further thought
0.3 7g reduces the effectiveness of the linear algorithm to 37 can be given to refining the decision algorithm. In
percent of its zero 'g' value. The second expression indicates addition to the gradient riterion. one might also
that we expect almost all target accelerations to fall within include consideration of the direction of approach of
3 x 1.0 = 3g. the target. If it is turning preparatory to attack. one I

Assume that V,/Vý - 100. This represents a very might prefer not to use the turn prediction at all to

high noise content of the quadratic mode. avoid degradation of the probable subsequent straight
line segment. However once the target has passed the

Case I. Leto-,, - 0 gun. the computer might be allowed the option of '
This assumes that we can measure accelerations including a turn, if detected, to catch the turning phase

of a reattack.
perfectly. For this case:

C2 = S: loge (V, V'q) World War II experience with curved flight predic-"1
tors indicated that for very long times of flight they
were not superior to straight line predictors. However

C , = 2.1. C = 0.40y •.1 I 3(61 the question is still open for AFAADS. As sho,%n later.
simulation results indicate that the quadratic mode is.

then: P(L) = 0.34 in fact. useful at short times of flight.
We then use the linear prediction with a probability 5.4.1.3 Constant Energy Prediction

of 0.34 5

Case IH. Leta, - Iog A prediction mode which corrects for target acceler-
ation in a dive. or deceleration in a climb, can be

This is rather poor acceieration measurement. Work- implemented without a penalty for noise amplification.
ing through the numbers we find that: It is based on the following considerations:

5-34 I



The sum of kinetic and potential energy of an V gVZVx"

airplane at a specified time can he written: Ax = Alh-v = -g -- (5.135)

v2 + 2g Z = E (5.131)

where V = velocity. Z = altitude, E = energy A = AhV, V) (5136)

Differentiating: V -_2 5 I

Va + gVz = (dE'd )/2 where: V,, V., V. are the smoothed velocities in rectan-
gular coordinates, and the a, are corresponding acceler-
ations. Also:

where. a = acceleration along the flight path. V12 = \:x2 + Vy2 (5.1371

The pilot can thus, with zero change in E, trade
kinetic for potential energy, or vice versa. He can also V2 = Vh + Vz2 (5.138)
generate a positive dE/dt by advancing his throttle, or

a negative dE/dt by retarding it. The prediction algorithms, including the updating of

Clearly, what we would like to have are records of position and velocity for the la', incurred in smoothing
dE/dt over a variety of flight maneuvers, with associ- are:

ated V, Z to determine reasonable ranges of dE/dt as a Xp = X + Vx % a + (T g i)(%,'\z VI)
function of situation. We may note, however, that the I I
maximum horizontal acceleration which the pilot can I
generate by throttle is somewhat less than 1.0g. If we a + aTs + (T, 2 •) (5.139)
are interested in short times of flight, we may derive
most of the benefit from the above relationship by Yp = Y + V%. I + (T,;2)I- (g 2)(VXVziV 2 )
considering dE/dt to be zero over the prediction time. - I -

This means that we will always associate an accelera- a2 + aTs+ (T526(1 (5.140)
tion with a vertical velocity. This has the advantage

that we need not perform an acceleration measurement
to get an acceleration correction. It has the disadvan- Zp Z + Vz (a + (Ts 2)1- (g -)(VZ \V)2
tage that we will get an acceleration prediction after I

the airplane has settled to a steady-state sink rate. To a +
determine which is the more important consideration a- +ctTs + (Ts2 61 (5.141)
requires that real flight paths be analyzed.

Two alternate approaches that do require an acceler- where a = time of flight.
ation measurement are (a) to treat vertical acceleration This concept is similar to one proposed b- H.W,
as motion along an arc. and measure pitch rate in a Bode many years ago. Unfortunately. Bode's imple-
manner analogous to turn rate tn the curved horizontal mentation was imbedded in a curved" flight predictor.
flight algorit (2) in a more sophisticated manner and was never tested separately. Bode also included a
measure dE/. ...,d predict on that basis. These alter- limiter for long dives, so that diving velocity eventually
natives should be kept in mind when real data becomes reached a constant value.
available. 5.4.1.4 Predicticn Algorithm for Defense Against

For the present we assume a straight line segment. Attack on a Known Point
and a rectangular coordinate system. Then: For a long time it has been conjectured that it might

Vz be possible to make use of the known position of a
AV = - " (5.132) defended point (such as a bridge) in antiaircraft gun

prediction. Naval interceptor aircraft, for example.
routinely use interception tactics which keep them

V 7  /Vz"v- between the defended ships and approaching bombers.
Az Av " _ -7 ) (5.133) in spite of evasive app aches by the bombers. Dr.

Tappert and his associates at Frankford Arsenal
worked on this problem before the availability of

Vh (VzVh\ digital computers. but the computing mechanisms then

Ah= Av"= -g (5.134) available did not appear to allow a feasible solution.
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In the current studN a f6asihle algorithm has been h. Entry into a straight-line dive passing through
demonqtrated on the simulation. Its description (extrapolated) the ground target.
follows: c. Aircraft speed as measured by the computer and -

For free fall weapons. is in level and dive bombing, corrected for acceleration depending on dive
the lav:-.':h aircraft must fly a track, the projected angle. "
horizont..i trace of which must at some point pass T
through the target being bombed (except for wind The major advantage of this system is that there is
corrections.which can be included, but are not dis- no settling time in rate measurement after the target
cussed here for simplicity). In dive bombing, the air- aircraft has completed its turn. Depending on how
craft path. when extrapolated. at some point passes much the aircraft deviates from the 'standard turn' _
through the ground target (except for minor deviation programmed in the computer, the system may even be
caused by sight angle). highly effective during the turn to attack. (The effect ofdifferent turn rate is wiped out completely. of course,

Only sophisticated bombsights allow the launch air- when the airplane has completed its turn.)|
craft freedom of maneuver except for the instant of
weapon release. Most systems require that the launch The geometry of an attack on a known point is
aircraft fly a straight-line course for as long as ten shown in Figure 5-37. The target is at D. the defended
seconds before bomb release. This is prime time for point is at the origin of the coordinate system at C.
antiaircraft fire. The target has a heading angle H relative to the line of

length R, to it from the origin. The target turning
Similar comments apply to air-to-surface missiles, if radius is p. and a speed of V gives it a turning rate of!

the missile is considered as a possible target: although -a = V/P I5.143).some consideration must b- given to whether the

missile is free fall, lift supported, or powered. p is given by:
The following development is in terms of a dive ,

bomb attack. For level bombing the method is similar p = V 2/(ng) (5. 144)
and differs only in detail.

We want to know the target position and time atThe target is tracked, and its heading H computed the instant it is heading directly at the origin. We ,
with respect to the line connecting target position and define the desired position in terms of the radial
the point on the ground suspected of being a target for distance R, and the angle A betwecn l• and R,.
the airplane. The time to turn to a direct heading Beyond this point, prediction takes place on a straight-
toward the target is computed, based on aircraft speed line connecting present target position and the de-
and some 'standard' g-loading in a turn such as 3g. Let fended point.
this time be T,. The time of flight of a projectile to the
target is computed (either from the on-going conven- It turns out that an economical method of getting
tional prediction algorithm, from which it can be read R+, A and T, is to compute them in that order. The
out. or simply as an approximation based on present method follows:
target position). Let this time he tV. R. is drawn from the defended point to the center of

T, is computed approximately as: the airplane's radius of turn E. In the triangle BCE:

Tr = .1HV'(ng) • (5.142) R," = Rp2 + P2 (5.145)

where: p is the radius of turn.

where; ng = V~.. a and In the triangle CDE:
Wa =turn rate RX-2 = R02 + p2 - 2-Rop iin 1-1 (5.140•)

where: V - target speed, AH - heading change
required. ng - standard turn acceleration. This is Hence:
compared with t.- Rp2 = RL12 - R(, R sin [1 15.14"1

If T. ;> t, the fire control system continues to operate

with conventional extrapolation-prediction. and all the quantities on the right side of the equation
are known.

If T. ! t_. the fire control system predicts on theassumption that the aircraft will in fact turn to an From the same triangle: 1attack path. Rx sin (A + Ax) = p (5.149)

In the latter case prediction is made on the basis of:

a. A level turn to head directly at the ground target. Rx co, (A + Ax) = Rp (5.141}) l1
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tan A =p(R- ,in 11) - Rppo cos H (5.155)Rp(Ro- p si n 11)-+Rp cos H

and again, having computed R,. we know all quantities
/ on the right

I With reference to the figure. the time to turn T. is:

"Y But. froni the ,iimre:

/ ' z A + .\+t 15.157)

t Tr = (A + H) {PV) (5.158,)

/ and apain we know all quantities on the right.

/ Although the preceding relations can he program-/ / /med in a few minutes it is of some interest to deter-
mine the approximate form by expanding sin. cos H to
terms in H onl,. As a result, we obtain:

a Rp=RO-pH-(I'2)(,H)2RO (5.15t1))

A /and:

A=I 2)pFH2 Re (5.1(10)

/ so that:

Tr= H+ V--\t12
CEFEOED OINI2 Ro

C

To use 5-14". (5"155. (5.1 5S). or their approxi-
mate forms in a computer operating in rectangular

00678 8 cordinates. the, must be transformed to X. Y coordi-
nates. This coordinate Nsiem is particularly well suited
to setting in the X. Y displacement of the gun. relativeFigure 5-3 7. Geometric Drawing of Attack on to the defended point.

Known Point

Rx sin Ax = p cs H5.150) The algorithm is intended, by means of the decision
function, not to go into action unless time to turn is
less than or equal to the time of flight. lnitiall,.

Rx cos Ax = Ro - p sit H (5.151) however, part of the time of flight passcs while the
hence: airplane is still turning. We therefore have the follow-

ing two cases:
tan (A+ Ax) = p Rp 15.1521 Casc I: Where the time vo turn remaining T i

greater than 0. For this case the prediction algorithms
are:

tan Ax = (p cos H)i(Ro- o sin H) (5.153) a=re ( \5.1 2I

tan A = [tan (A+ Ax)-tan Axi ( /

II + tati (A + Ax() tanil x (5.154)
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the defended point on the ground. If the condition2.p =Zt D • (5. 164) R H <r, exists, then the computer will predict on the
assumption the attack will continue. If the condition

R H >r, exists, then the computer will revert to a rate-
extrapolation algorithm.

Dt2 = Xt2 + Yt 2 + Zt- (5.165) where: r, is a constant

where: L is distance along the straight -,egment and: In addition, a lower limit can be placed on Z, in the

-TO +g Zt (5.166) preceding algorithms; certainly Z, > 0. Experience.\DI "may indicate that dive bombing attacks always pull out

so that minimum altitude is above M, In either case.
where: the Z, algorithm (5.170) can be modified as:

a = time of flight. ZPZo( L) ifZp>M (5.1731

a =a(Xp. Yp. Zp) (5 167)

the second term being a 'constant energy' correction or:
for the fact that the airplane is expected to accelerate
in the dive. The updating corrections for biroothing Zp = 0 if Z < M (5.174)
lag in present position and velocity are not shown. iP

Case I1: For T, : 0: A standard arc for pullup could be used, but since
( L the aircraft is unloaded at that point and can pull up to

Xp =Xo - (5 168) 8g, it is not believed that such refinement would be
justifiable.

In programming this algorithm for the simulation, it *

,was found that an additional condition was necessary:
Yp Yo " (5.169) namely the determination of whether the airplaneDo could turn to an attack course at the specified accelera-

tion without overshooting the target. This conditon
i orequires that:

Zp=Zo - (5.1'70 2) sinH <R 0  (5.175)

go For the computer to get the target into (5.175) this

L = Va a (5.171 prediction algorithm and out again, a number of in-
2\Do] equalities must be routinely queried. A flow diagram

showing the order found convenient for the simulation

D Xo2 + Yo2 + Zo2 (5.172) is shown as Figure 5-38.

It is considered that the most important finding of
On this leg. the computer uses the continuou, this portion of the study is not whether this algorithm,

measurement of target present position (X.. Yo. Z.) and in its present form, is more effective than more con-
velocity V: and predicts exactly along the straight line ventional extrapolations: but rather the demonstration
between present position and the point target on the :hat it is possible with a digital computer to make it
ground. Thus present position is always up to date. work at all. Feasibility having been demonstrated.
there is only one velocity measurement V and this further effort can substantially improve the efficiency
affects only one coordinate; i.e., along the flight path. of the computation. and the effectiveness of the predic-

A number of alternate forms for the preceding tion.
algorithms are possible. some of which may be better 5.4.1.5 Stochastic Prediction
adda.-d to economical computation. However, the pre- When the target aircraft or helicopter ik doing ter- I
ceding algornihms allow the method to be demon- rain following or nape of the earth flying. its path will
strated on the simulation. be related to the terrain contours. In Section 4.3 it was

To monitor the progress of the attack and determine inlicated that altitude changes under these circum-
when to abandon the above algorithm and revert to an stances might be described as a stochastic process.
extrapolation based on rates, the following decision Although not investigated, the same conclusion might
process is suggested. The computer maintains an up-to- be reached with regard to course changes in the hori-
date measurement of target heading H with respect to zontal plane to go around obstacles.
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Figure 5-38. Flow Diagram of Decision Algorithm for Defense Against Attack of Known Point

It was also indicated that one might consider putting stochastic component of target motion, and the correla-
some information about local terrain into the com- tion 'ýan be estimated from the tracker transfer
puter, to introduce a deterministic element to the function.
prediction. This will be discussed briefly later. The The -optimum' predictor can be determined for
immediately following paragraphs consider the proba. finite smoothing time. using the above assumptions
bilistic aspects of prediction when the aircraft is con- and the Zadeh-Ragazzini method of solution, which
tour chasing, yields the weighting function having the minimum

In Section 4.2 it was indicated that the power spec- average square error of prediction. Limited time does
tral density of vertical motion of the aircraft in terrain not permit the optimum solution to be derived in the
following might be approximated as: general case. Therefore this discussion is limited to

"" T 1 some estimates of the errors in special cases.
ot- n [ +(TI)2[I q•T,)2] (5.76) First. consider the error resulting from prediction

[IT [ + (o.T )2][1 wT2] with a simple two-point discrete predictor. based on

This is the power spectral density (PSD) of aircraft the assumption that the polynomial content of target
altitude about its mean. motion is a + bt. The prediction error resulting from

where: the stochastic component of target motion. ignoring
tracking noise. ms

a-, = standard deviation of terrain height e"T]
variation from a mean Zo , -a - I -I a Ts)+ a + u5.17 )

T, = L/V

L = characteristic length of terrain

V = target velocity where: a = time of flight

T2  = a time constant aggregating the pilot Ts = smoothing time
plus aircraft response lag to terrain
variations. s = d dt

Since T2 << T,. the term containing T, in the above

PSD can be set to zero to a fi. ;t order approximation. This expression has a mean square value for input

The autocovariance corresponding to the above PSD frequency f oC:
is: (t+1 - ,: cos,. a 4- 21 + ...: I-co, ji"

Rr=ot-e .17) - j2i -CN 'l

The altitude prediction problem can now be de-
scribed as follows: The airplane altitude as a function = a T, i5. Q ')I
of time consists of a polynomial component plus a
stochastic component. The fire control device tracks and after multiplying hy the terrain PSD and integrat-
with an error which can be described in terms of the ing over fl. ve obtain the variince of prediction error
error PSD. The tracking error is correlated with the as:
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( -a TI1) If we disable the altitude prediction for low altitudeIo-, -7 +, 3 e aircraft and in fact the aircraft has a mean vertical
rate V,. an additional bias of magnitude V,.x will be

I+ + e .T introduced. For cc - 3 sec. this systematic ,'ror will
equal o" when V, - 11.3 meters/sec for th, aircraft

(2 (2.2 degree angle of climb or dive); or when V, = 5.7 "

- (5-180) meters/sec for the helicopter (4.4 degree angle of
"climb or dive).

If the terrain PSD. as experienced by a 600-knot A suggested solution, therefore, is to use a threshold-
aircraft, has a break frequency at about 0.08 rad/sec, (or gradient type) decision algorithm in the computer
T, - 12.5 sec and TI ;,> a. T, so that: which uses the normal altitude prediction varying in

amount from 0 to 1.0 depending on target altitude,
tOp Ot)2 -(2aiTI )I I + (aTs)] (5.181) measured rate of change of velocity, and possibly

range. The algorithm can also include recognition of
For o,, - 50 meters, a - 3 sec, T, - 1.5 sec, we the fact that a diving aircraft will usually pull out of
obtain a-, - 60 meters, the dive before reaching ground level and make appro-

For a ISO-knot helicopter the same computaton priate modification of the predicted altitude. Further
For - 30 met e r analysis and computer simulation will provide a feasi-yields o-0 0 meters, ble algorithm.

These large errors will seriously degrade hit proba- In summary, it appears that the best altitude predic-
bility, especially since their autocorrelation characteris- tion to use against a terrain following aircraft may be
tic time is essentially that determined by the terrain; no prediction at all; predicted altitude is assumed to be
namely, 12.5 sec for the 600-knot aircraft and 50 sec the same as present altitude. This should only be used
for the helicopter. We therefore consider what can be when the aircraft is below some miniPum altitude, the
done to reduce them. minimum itself being a function of target velocity.

The simplest solution is to make no prediction in 5.4.1.5.1 Use of Digitized Terrain in the
altitude at all. In this case: Computer

(apot)22(1 -p a/TI) (5.182) The target ignores the high frequency content of
or: terrain. We may ask how many terrain points we need

store in the computer to make a semideterministic
2a.T[I prediction of a terrain-following aircraft. The PSD of

The variances are 34 meters and 17 meters respec- terrain itself is down by a factor of more than 10'.
tively, This is a significant improvement, beyond about I cycle per nautical mile. By the sam-

If we assume that the mean flight path is level, and pling theorem, samples at S = PI(2f) of a function
apply the Zadeh-Ragazzini method to obtain the best whose frequency spectrum does not extend beyond f
minimum variance prediction, we find for this case: will permit perfect reconstruction of the function If

the terrain is stored at intervals of 1/2 mile, or about
T1\ 1000 meters, the portion of the PSD which affects

(opiot)2 = 2 - aircraft flight should be adequately represented. About
40 points should provide an excellent representation in
the AFAADS area of interest, and a smaller number

T ' -/' would also probably be effective. In view of the large
_ ._ -c (5.183) prediction errors expected by more conventional r',e-

T 5+IT1  )diction schemes against terrain-following aircraft, the
concept of using a few dozen stored digitized terrain

or: points, together with an appropriate prediction algo- 4
rithm. appears attractive. More extended analysis is
required to determine its probable cost in computer

S2a. T capability and its effectiveness. The possibility of using 1
this information to assist a tracking radar in resolving

So. for the short smoothing and prediction times multipath images at low angles as discussed in Section
(compared with T:). 'optimum' filtering is of no advan- 4.2. SENSORS. should also be investigated.
tage. Without going through the tedious algebra to .4.2 Filtering AlgorithmsIobtain the minimum variance assuming a basic poly-
nomial a + ht. we may anticipate that its variance will The target position data provided to the AFAADS
be larger than those shown for the constant altitude computer by the tracker is contaminated by noise. The
predictor. object of the .filtering or 'smoothing' algorithms is to
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recover the best possible estimate of the signal from diagram reprodaced as Figure 5-39a and b. A target is
the signal plus noise. Data smoothing and procedures shown 'jinking' in the direction of the y-axis. and the
for doing it are centuries old (Karl Friedrich Gauss results are shown for zero tracking noise. The predictor
used the 'least-squares' method in 1795)3. Further- having minimum variance of prediction error is shown
more, the field, stimulated by the requirements of in 5-39a. It is never on target. although its mean-
satellite and re-entry vehicle tracking, has been highly square error averaged over time is a minimum. The
active in recent y'ears- However, the AFAADS problem predictor shown in 5.39h is based on the polynominal
has several aspects which are more prominent than in prediction a + bi with finite memory: and although its
other data smoothing applications. These are: average prediction variance is higher than that of the

a. The desired smoothing time is so short that the minimum variance predictor. when the target segment

autocorrelation time of the input noise may be is straight, the error is zero-

comparable to, or of greater magnitude than. the This brings us back to the measure of effectiveness
smoothing time. Hence the assumption of white of a prediction algorithm. The subject has been clearly
noise is unacceptable without careful scrutiny of
its limitations.

b. Regenerative tracking recirculates the noise A
through the portion of the smoothing circuits ' I A
associated with the tracking process. - /

c. The target path, unlike that of an orbiting satel- /I ", ,
lite. is not analytic. Discontinuities in accelera- - -
tion and high derivatives appear at the will of ,. _
the aircraft pilot. Hence, data weighting func-
tions with extended tails are undesirable. I I

d. The *optimum' filter is not necessarily that which "
minimizes the variance of prediction error. This
may be an acceptable working tool. but the im-
portant portion of the miss-distance probability
density function is the portion comprised of
small miss distances; whereas all large misses
have equal, and zero, value.

In the following paragraphs. we discuss the interac- -I /4
tion between noise autiocorrelation and the filter at / I
some length. The problem of recirculation of noise ,-1
through the regenerative tracking unit requires analy- . - I
sis of the tracking loop to a greater level of detail than
time permits in this contract. However, we indicate the
method of approach and design criteria.

The concept we have developed with regard to varia-
bility in the target path follows from our discussion of i,,
flight trajectories, and is exemplified by the discussion
of prediction algorithms. We argue that an)y flight path
can be considered as a series of segments of varying
length for each of which there is a preferred prediction
option. We develop decision algorithms for activating
the preferred prediction option against each segment E

type. In fact. -e expect to find that only a few options ....
are worth implementing, and that some path segment
types are for all practical purposes unpredictable be-
cause of their short duration.

Our expected result, however, is excellent prediction
against the most important and probable path seg-
ments. rather than a single prediction algorithm giving Figure 5-39. Comparison of a System with Least-
the best average (and probably very low) performance Square Prediction (a) and a System with Errorless
against all possible target paths. Constraint for a Number of Deterministic Signals (b)

Chang"2 has illustrated this point very neatly in the
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discussed by Stibitz" and others. Our approach is the development. Emphasis in the present material is on
pragmatic one of: (1) basing each prediction mode on the discrete case; with the continuous case included as
a set of target dynamics, (2) using minimum variance the asymptote approached as the number of data
as a tool to proportion the filter, approximately, and points, within smoothing time T, becomes very large.
(3) make simulator runs, with gun dispersion and aim
wander included, to make final comparisons. In the discussion. we use the following definitions:
5.4.2.1 Filter Types By "least squares' we mean a filter than minimizes

the sum of the squares of the deviations of individu-
Depending on whether the AFAADS computer is ally measured points from a fitted polynomial.

digital or analog, the weighting functions to be applied
to input data are expressed in discrete or continuous By 'optimum' we mean a filter that minimizes the
forms. There is no difference in principle; although variance in the coefficients of the polynomial.
implementation may be simpler with analog or digital The two definitions are identical and yield the same
computer, depending on the desired weighting func- weighting functions, only when the successive data
tion. Blackman' has described so well the correspon- points are uncorrelated. For an extended discussion of
dence of the two types and the ways of implementing this point see Morrison. 3 To realize the 'optimum'
each formulation in the algorithms of the other, that it filter. it is necessary to know the autocorrelation func-
is not felt necessary to carry through a parallel discus- lion of the noise.
sion of both modes of implementation in the following
paragraphs. Since one of our objects has been the The simplest discrete velocity measuring algorithm is
digital simulation and demonstration of some of our based on only two data points, and the simplest accel-
concepts, most of our development has been phrased in eration algorithm uses three. These cases are included
terms of digital data processing in the following comparisons.

The filter can be characterized by the memory length Tables V-2. V-3, and V-4 tabulate the weighting
and the weighting function. In the case of digital functions, variance reduction ratios, and asymptotical
processing, the filtering may be done recursively or approximations to variance reduction for the 2-point,
nonrecursively. 3-point, least squares, and optimum filters for position, .

velocity, and acceleration. In these tables, the noise
Memory length may be finite and constant, finite but autocovariance is:

expanding with time. or unlimited, but with past in- I Xs
puts successively discounted. R(s) = ao- (5.184)

The weighting functions are related to the criterion
which is chosen for optimization. Smoothing time is T. and a - XT.

Analytical procedures for developing nonlinear fil- These velocity and ai.celeration algorithms are corn- -.

ters exist, and are progressively being extended in pared in dimensionless form in Figures 5-40 and 5-41.
capability. Time has not permitted the determination The small differences across algorithms suggests that
of their applicability although they should be reviewed for small XT, a small number o,' points in discrete data
in future studies. processing will be satisfactory which is a desirable -

conclusion from the point of view of data storage
5.4.2.1.1 Finite Memory, Filters capacity in the computer. This aspect is therefore

For finite, constant smoothing time T. the weighting examined in greater detail.
function that minimizes the variance of the signal Writing the general n-point smoothing algorithms
measurement, when it is contaminated by stationary as:
noise, is symmetrical about the midpoint of the n
smoothing interval. Depending on the form of the IJ) = '.Or x(j - r) (5.185)
autocorrelation of the noise, the weighting function r=0
may have delta functions at the ends of the smoothing n
interval. Blackman' presents a complete analysis of this x = Y- WIr x(j - r) (5.186)
problem for both discrete and continuous smoothing. r=0
when the noise is of the Markov type. or band limited n
white noise. He also shows how to approximate the x(j) = W W2r x(j. r) (5.18'l
minimum variance weighting function closely with r=0
realizable physical circuit components in the case of
analog smoothing. It is assumed that signal and noise where: x(j - r) is the input data point at time j - r. and
are not correlated with each other. there are n + I points in the fixed smoothing interval T

The following material is based on Blackman's spaced at constant intervals -1. so that T = n"

book. to which the reader is referred for the detailed (Insert Equation 5.188)
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Table V-2. Position Smoothing Algorithms

Algorithm Weighting lunction WI(S)

2.Point [6(t) +6 (t -'")//2

Least Squares I/T

Optimum [6 (i) +6 (I-1) + (a/T) f112 +a)

1

Algorithm Variance Reduction (O01o)-

2-Point ( I +C'a)/2

Least Squares (2/a2 )(a-1 +c"a)

Optimum 2/(2 +a)

Algorilhm Asymptotic Approximations to Variance Reduction

Small XT Large XT

2-Point I (''r/2 ) 1/2

Least Squares I - (X*I'/3) 2/0o')

Optimum I - (XT/2) 2/1 XI)

Note: a = XT

00678-541

Lettino -XA for Markov noise. (5.188) and:

andk = (I -p)/(I +p) (5.189) Wl =6 k2 (n -20
ST[(I +kn)(2 +kn) +(1I-k 2 )I

the optimum position weighting sequence is:

Wor = [(n+ 1) - (n- 1)p] r = 0,1,.-- n(5.190) r 2.. *,n- 1 (5.19

with variance reduction:

(0/0) 2  (n+ 1)-2p-(n+ I)p2+ 2pn+2 (5.191)
(n + I) I - p) 2  The velocity variancc reduction is:

and the optimum velocity weighting sequence is: ( "T)I 12 kn-w = 3(1 +k) 11 +k(n- I)J (vT/°) = (5.104)______
Wl0 = -Wil (I +kn)(2+kn)+(l-k 2 ) (5194)

T[(! + kn)(2 +kn)+(l- k2 )] The variance reduction as a function of the number

(5.192) of points has been plotted in dimensionless form in
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Table V-3. Velocity Smoothing Algorithms "

Algortthin Weighting Function WV i(s)

2-Point ( (I-T)

T

Lea.st Squares 6 (T - 2s)

T 3

Optimum 6X 2(T - 2s) + 6 (XT + 2) (t) -. (t-T)l

T (X2T2 + 6XT + 12)

Algorithm Variance Reduction (ai/0()"

2

2,Point '"2 e'a)

12 24-6a+2a3 Ca( 24 +24a+ 62)]Least Squarei
T 2 a 4.

24 F a '

Optimuma2+6+ 12

Al, ortthni Asymptotic Approx im.ations

Small XT Large '1-

2-P'uint x (2/i) II 2 X2 2 -.

T TT

I Cast Squtare% ,(12/5a)1 IX 242.4) X 2
( /

Optimum X`2 1(2/a) • I I ""x- (24/wL3 1" 24

xT3

I snm ooth ing time-

%Markov notc, ajtuocorrelation e' variance 2

XI

00087t-542
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Table V-4. Acceleration Smoothing Algorithms

Algorithm Weighting Function \V,(s)

3-Point 
4 [ 6(t) - 26(t- T/2) + (t -T)I

T2

Least Squares T5 (T2 - 6sT - 6s2)

6

2-Point Plus 2 15(t) + 6(t-T)- 21

Optimum 30 2(12+ 6a + a 2 )16(t) + 6(t -T) - 21+ 2a2 (2 + a)jT 2 - 6sT- 6s21

OptimT'3 120 + 60a + l2a2 + a 3

Algorithm Variance Reduction ("2/o)2

3-Point 16 (6- 8c"a/ 2 + 2C-a)

L4stSquarcs 464 12 6 12 6( 12 +.! a L
T4a a a a 2  a a2  a a 2

72 2 .2>

2-Point Plus 72 + )[(+ I ) + 0 + 2 ) e'a
T4 a a a

Optimum 
1440 a(2 +a)

T4  (120 + 60a + 120a 2 + a 3 )

Algorithm Asymptotic Approximations

Small XT Large XT

3-Point x4 (32 32T X496 96

a3  T3  a14  T4

Lcast Squares X4240 34, • 1440 1440
-A (-7) --

7a3  T3  aS Xr -1

2-Point Plus X44 (L) T._X4.72 72

a3  T3  Z14  1.4

Optimum X4 (24) 24X X4 ( 1440 - 1440
a3  T3  a ýT-

00678-543
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Figure 5-41 Comparison of Variance Reduction for Three Acceleration -S moothing Algorithms
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. " 2 +k12 012 k,220,2 (5.200) .

Figure 5-42. The dimensionless ratios have been cho- 2p-2(.20

sen differently from those of Figures 5-40 and 5-41 to

emphasize that as X- 0: variance - 0. and there
is a 'worst' X. One can obtain a small X with sluggish Figure 5-45 shows the variance ratio for position

sensor servos, but the penalties paid in lagging data and velocity smoothing for a 3-sec time of flight as a

have been discussed earlier. function of smoothing time.

The asymptotic curve of acceleration variance reduc- 5.4.2.1.3 Expending Memory
tion has been replotted in similar form in Figure 5-43

for comparison of the effect of k. In its simplest form, a fixed memory system provides

To be more specific with regard to AFAADS param- no output until one memory time has elapsed. We

eters, a value of A - 5.0 sec' has been chosen, and should prefer to have a less accurate output available

velocity variance reduction has been plotted in Figure almost immediately (3 data points, for example) with

5.44 versus smoothing time as a function of the num- progressive improvement of the output until the full

her of data points. This value of A. corresponds to a memory length is utilized. Since Blackman provides

characteristic time of 0.20 seconds, and is considered algorithms for this process, they will not be reproduced
to be about right for a high performance radar track- here. These algorithms represent the initial loading

ing loop. process of the filters in the system.

We note from Figure 5-44, that for smoothing times We might also consider allowing the memory to

of about 2 seconds, there is no justification for more
than 9-point smoothing. and that a smaller number expand indefinitely. i.e., at each moment making the
than 9-probablynt smoothisf tac . abest estimate according to the totality of past data.

would probably be satisfactory. However, in the absence of actual target data, we are

If. as we believe is probable, the autocorrelation inclined to give this type of algorithm a low priority

characteristic time with manual tracking is at least 0.5 for investigation, because of the low probability that

second, or A - 2.0, a 4-point smoother should be any of the polynomial coefficients of the target signal
satisfactory, will remain usefully stable for more than a few sec-

Finally, in view of the small differences between the onds.

optimum and least squares weighting sequences. it 5.4.2.1.4 --curhive Smoothing
would probably be satisfactory to use the latter, and cursive smoothing ot
they are listed below for reference. The simplest form of discrete recursive smoothing of

"successive position measurements with no trend is:

WOr (n+ (5.195) xj) = axoj)+(I- a)xJ-I) (5.201)

60n1 -2r) t5.196)
Ilr - T(n + l)(n + 2) where:

60 n n(n - I) - 6nr + 6r2] (5.197) x(j) = smoothed value of x at the j'th point

r --" T2 1(n - 1) (n + i)(n + 2)(n + 3)] xtj) = measured value of x at -

a = constant. 0 < a < 1 .0

5.4.2.1.2 Variance of Prediction

If the optimum weighting sequences are used, Black- co k
man shows that the smoothed estimates of position. x = a!: (I -ka) x(t . k) (5.202) -

velocity and acceleration are not correlated with each - k = o
other, so that if prediction is made as:

+= x+k .x+k. (5.198m

and is the digital equivalent of analog 'exponential

where: k a + (T 2). k, ra- + aT + (T2!6)];2 smoothing.' for which the Laplace transform is:

(5.199) x(s) = x(s)/(l +sT) (5.203) i

the variance of Since only one value, the most recently computed X.

e prediction error is, in terms of van- must be stored between computations: the method is

ances of position, velocity, and acceleration: highly economical of computer storage.
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When both position and velocity are desired, the Varying smoothing time with time of flight is rather
algorithms can be written as: awkward for a fixed memory time algorithm, but

relatively straightforward with a recursive algorithm.
X = Xp(J) +a a1x)- X Pod (5.204) One still desires a short tail for the weighting sequence

and efficient use of the data points within the effective
vlJ) = v(j0-I)+WbT)Ix0) -px p( (5.205) smoothing time. Therefore the recursion should be

based on a small number of stored data points of the I
immediate past.

v.hliee The development of appropriate efficient algorithms,
for recursive smoothing with effective smoothing time

XpO + I) =x) + T v (j); (5.206) proportional to projectile time of flight, is a promising

T is the sampling interval, and b is a constant. area for further study.
5.4.2.1.5 Interaction with Regeneration

The preceding set of algorithms
2". known as the

'alpha-beta tracKer equations,' found a large market in The best weighting sequence for prediction, and the
the early days of track-while-scan radars when it was best weighting sequence for rapid settling and stable
desired to maintain hundreds of tracks within limits of functioning of the regenerative tracking unit, are un-
available computer capacity. The x, estimate was used likely to be identical. Rather than compromise the
to assist in correlating new blips with past tracks; and prediction function, it may be preferable to generate
in the case of a missed blip, the computation could two sets of rates; one for regeneration, and one for
proceed using x. in place of x. The maximum predic- prediction. Tne exponential smoothing of the simplest
tion (if no blips were missed) was one unit. recursive algorithm is probably an essential component

An optimum value of b, considering settlin? time (if not all) of the rate computation for regeneration.
However, exponential smoothing makes inefficient use

and variance reduction, was found to be b - a /(2-a) of available data for longer prediction intervals such as
for the radar application. projectile time of flight. A proper analysis will deter-

Corresponding algorithms have been published for a mine the algorithms to provide regenerated informa-
third-order (alphabeta,gama) tracker.23  tion to the tracker guaranteeing stability and rapid

In the past eight years. radar track-while-scan settling, and to the predictor (operating on the output
smoothie palgorithms have becomea consrdrabhly e of the regenerated tracking loop) for a most accuratesmohn algorithms have become considerably more peito ihnaseiidefciemmr ie

sophisticated as computer capabilities have improved. prediction within a specified effective memoy time.p

However, such systems rarely need to predict more Optimization of both functions might require separate

than one data interval forward. filters.

Recursive algorithms for least squares weighting 5.5 BALLISTICS

have been developed by Blackman. These are more The ballistic computation provides time of flight for
economical of computer usage that the equations given the prediction algorithm, corrections for gravity drop
earlier, when the number of points used is very large. (superelevation), drift, and, if necessary, the effect of 1
Since we indicate that about 10 data points can be a wind on the trajectory of the projectile. The parameters
maximum for AFAADS, and only one track may be defining the trajectory are the gun's quadrant eleva-
developed, this consideration is of lesser importance. tion, muzzle velocity, and the structure of the

One of the advantages of a recursive algorithm, atmosphere.
however, is that the weighting coefficients can be How accurately ballistics should be computed de-
changed fairly easily as a function of other parameters. pends on other sources of prediction error, as well as
For example. in some TWS-radar algorithms it is on how well the parameters defining the trajectory are J
found desirable to vary the weights with range, to known.
account for changing radar accuracy. or with time, as These parameters may be discussed in two classes:

adepending on whether they would exist in a vacuum. i

In the case of AFAADS we have conjectured that or whether they depend on the projectile's interaction
tracking error in linear measure is not likely to vary with the atmosphere. In the former case. the effect is
widely over most of the AFAADS envelope. However, realized through variations in the muzzle velocity of j
as time of flight increases, the prediction error will the gun. Figure 5-46 lists the parameters grouped
increase as velocity and acceleration variances are according to the two classes.
multiplied by time of flight squared and to the fourth Muzzle velocity variations will occur because of the
power respectively. This suggests that smoothing time following: variations in Fropellant characteristics
should increase with time of flight.
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Figure 5-46. Ballistic Parameters Affecting Miss Distance

within and across lots, variations in propellant temper- precise as the ballistic tables derived from proving
ature and projectile weight, and as a function of tube ground firings-
wear. Some of these variations from the expected value
will be systematic and vary slowly, if at all across The emphasis in the following paragraphs is in
rounds; while others will varn from round to round. In relating the principal errors in input parameters to
the case of the slowly chan parameters, such as miss distances at the target. This relationship will
tube wear or propellant lot, i. possible to eliminate provide a basis for estimating whether, for example.
them by measuring muzzle velocity by an on-mount there should be a correction for wind, as well as what
device, and applying a correction based on the average control should be held on muzzle velocity variation
over several rounds. as is done by Oerlikon. within lots. For this purpose. the simflest Siacci repre-oversevral ouns, a isdoneby erlion.sentation of the trajectory is considered adequate.

The parameters, which affect the trajectory through o

the action of the atmosphere on the projectile, tend to 5.5.1 3/2 Law Ballistics
be roughly proportional to the loss of velocity of the It was observed by Dr. T.E. Sterne about 25 years
projectile, as caused by drag. Their effect is reduced ago that, for a low drag projectile, the drag coefficient
over a given distance traveled, as time of flight is at supersonic velocities could be well represented as
shortened by increasing muzzle velocity, and/or reduc- varying as the -1/2 power of velocity, so that the drag
ing projectile drag. itself varied as the 3/2 power of velocity. For trajecto-

Since the state of the art in designing computing ries with relatively small gravity drop, the equations of
elements to match a given set of ballistics is well motion can be integrated to yield the following first
advanced, an in-depth analysis of the most efficient order approximations:
algorithms to use for AFAADS can be done with low
risk at the appropriate point in the development cycle. tp = D 0 " JK L2
The University of Michigan has developed second- I
order corrections to the Siacci-Kent-Hitchcock ballistic
algorithms. These algorithms are easy to implement V = V0 -(K 2)0 5.20)
and may be adequate. At the limits of extreme preci-
sion, the Litton-developed TACFIRE System has im- V = V .K:2), I 2 D "0)
plemented ballistic algorithms that are probably as a 0-
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Vo = V (5.210) Q = (l/2)gtp-[l-(2/3)(Vo-Va)I1 (5.215)

where. where:

V av 2V0 = rn'zle velocity a =average projectile velocity over tp, and Va2 = 0

The preceding expression can also be written:V = projectile velocity at range D•

trQ = (16(gt ) )11 + 2(Va/Vo)1 (5.216)tp = time 01 I'light to range D -a-

Va = average projectile velocity to range D 5.5.3 Effect of Parameter Variations
=acoefint in theDifferentiating the expressions for time of flight for

K athe deceleration expression: constant range, we find that:

dV'dt - -KVa (5.211) V`atpVo = 4(t pVO) (Vo + Va)i( 2Va) (5.217)

atp"aK = ftp/K)(Vo- Va)/Va (5.218)

and for the 1/2 law', a 3/2. and from the expression for K;
The University of Michigan has generalized this :"

approach to include arbitrary values of a. The compo- AK/p = K/p (5.219)
sition of the coefficient K can be seen by writing the
deceleration relation in conventional form: aK/6wp = Kw (5.220)

Variations in projectile weight also affect muzzle veloc-
dV/dt = .CdV2 (pg/2) (A/W) (5.212) ity approximately as:

raVo/awp = -(l/2)Voiwp (5.221)
where:

If the time of flight of the projectile to the target
Cd = drag coefficient differs from that used in the prediction by a small

= ir densit% quantity A. the miss distance from this source will be,
S rdvery closely:

A = cross sectional area of the projectile M = Vt sin 1p A (5.222)

W = projectile weight

where: fl, is the angle between the target path and the
correct trajectory, and V, is target velocity.

5.5.2 Projectile Gravity Drop This expression has a maximum value at P, - 90

In a vacuum, projectile drop/Q. tinder the influence degrees. at which point:

of gravity, is given by: aIM/atp = Vt (5.223)

"Q = (1'2) 9t 2  (5.213) Combining the above expressions to obtain the miss

p- resulting from muzzle velocity deviations:

amM/V 0o = (Vt tp/Vo) (Vo + Va)/( 2Va) (5.224)

where: t, - time of flight. Kelly, et al. have shown
that within the validity of the Siacci approximation. For the Vigilante ballistic options presented earlier,

over a wide range of projectile drag laws: and considering the worst case of maximum range, at
which the projectile has almost dropped to sonic veloc-

Q =(I '2)gt. pI f(V/Vo) (5.214) ity, and assuming a target speed of 300 meters/second,
this works out to about 2-3 meters of miss per meter/
see error in muzzle velocity. However, at 3-sec time of

where: the value of f(V/V,) is very nearly the same for flight the ratio is from 0.38 to 0.45 meter of miss per
given ratio of remaining to muzzle velocity. V/' mr meter/sec error in muzzle velocity.
spite of changes in the drag function. Similar computations can be done on the effects of

For the "3/2 law': variation in air density and projectile drag coefficient, ,
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but a larger percentage variation will be allowable, compute time of flight to within 0.01 sec. We also need
since the expression describing their effect on time of to provide a wind correction.
flight depends on the difference between muzzle veloc-
ity and average velocity rather than the sum. Varia- 5.6 HIT AND KILL PROBABILITY
tions in projectile weight affect both muzzle velocity In order to place the computations of kill probability
and slowdown. A slightly underweight projectile in perspective, some of the limited available historical
emerges at a higher velocity, but slows down more data on rounds per aircraft killed is summarized in
rapidly. Figures 5-47 and 5-48. We have already presented

Returning to the consideration of gravity drop. we some overall summaries on numbers of aircraft lost to
find for the variation of Q with V,: antiaircraft guns in an early section of this report.From Figure 5-47 we see that in World War i. the

g D2 (vo +2 VVa + 3 Va2)'(6V-v3 ) effectiveness of heavy antiaircraft guns improved by aaQ+2oa afactor of over five in four years, as the result of

(5.225) weapon and fire control improvements, and opera-
where: D is slant range. tional experience.

For the four ballistic types described earlier for In World War I1 (Figure 5-48). British antiaircraft
guns, both heavy and light. began with a high level ofVigilante,effectiveness against daylight attacks. When the Luft-

tile approaches sonic velocity is about 100-200 meters, waffe switched to night attacks, antiaircraft guns. using

depending on the projectile. The change in drop per sound iocators and searchlights, were relatively inef-

meter per second change in muzzle velocity is from 0.2 fective; but successively better models of radar inm-

to 0.4 meter. This is a very small effect, compared with proved the effectiveness of heavy antiaircraft (HAA)
" "the effect on lead.prvdteefcieesohev narra^ HA

t e lrapidly. By the end of the war, radar and fire control
Furthermore, since the effect varies with the square developments, and the proximity fuze for H.kA projec-

of range. it wiil be completely negligible at short tiles had reduced the rounds per kill to a few hundred
ranges. for both guns and automatic weapons. The U.S. Cali-
554 ber 0.50 with no fire control and low probability of aWind kill given a hit. remained at a very high RPB level.

For a horizontal trajectory, using the Siacci-Kent- German systems were improved mostly by increased
Hitchcock method, we find the displacement of the muzzle velocity, and increased calibers. They did not
projectile caused by a cross wind to be: utilize proximity fuzes. but. by the vast numbers of

Y = wt (V , V'a)/%o (5.226) guns, they were able to hit U.S. aircraft above 20,000
P ( feet with high frequency as shown in Figure 5-49. This

figure represents the number of aircraft damaged.
where: w = cross wind velocity which, for the 3/2 whereas Figures 5-47 and 5-48 are for the number of
drag law can be approximated as: aircraft killed.

Y = wtP2.(2KVo12) (5.227) Considering that the results shown were obtained in
combat with operational degradation of the systems
which may be estimated as factors of from 5 to 10. one

The expression for the effect of a range wind is not may concude that a modern antiaircraft gun system
at compact. but it c-4n be approximated as: should have a design objective of fewer than 10 rounds

wt22 1!l2• per kill on a nonevading target. The U.S. M5A3 ver-
X = w 3KV (5.228) sion of the Kerrison predictor. with the Bofors 40-mm

gun, reliably obtained 30 percent hits on sleeve targetsThe projectile displacement caused by wind increases in proving ground tests in 1945. and the instrumental
as the square of time of flight. For a 3-sec time of (i.e.. system exclusive of target evasion) objective of a
flight, we find about 6-10 meters of projectile deviation new system should be at least as high,
per 10 knots of wind.

The following material develops the methodology
velocity of 7-12knotsere Undicted ats (Maxwima for computation of hit and kill probability. It has twovelocity of 7-12 knots over the United States (Maxima objectives. (I) to provide a means for anticipatingrange from over 200 knots on top of Mt. Washington ) siratcp

r o m 45k over 20 kan ots D o topsimulation results by using simplified forms of the
to 45 knots in San Diego). resulting relationships, and (2) to develop the algo-

An error budget for AFAADS is suggested later. At rithms for computer simulation. In the latter case, we
this point we note that if we wish to hold the individ- would like to have a means for using the simulation in
ual ballistic contributions of error to less than 3 meters a deterministic mode. as opposed to a Monte-Carlo
for a 3-sec time of flight, against a 600-knot target, we mode. This object has not yet been fully realized
need to hold muzzle velocity to 7 meters/second, and because of the difficult, of accounting for aim wander
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Figure 5-47. HeavyAntiaircraft Rounds Per Aircraft Kill from 1915 to 1918

and cross-correlations in closed form. For the present simple exposition), that if a round passes the target at
simulation, a compromise solution has been adopted: a distance u, v from the center of area. the probability
the point of aim of the gun is determined by a Monte- that the target is hit is:
Carlo process; this is then combined with analytic e.(u 2+v2 )/a2  (5.229)
expressions for kill probability as a function of miss V 5
distance, to obtain kill probability in simulation runs.
The result is that the variation in results across replica- Here a is defined by:
tions is reduced, and a smaller number of replications
are required to obtain significant differences. I

ff• "2+V)!ad(5.230)

The development begins with representations of the (U'+vf)!a du dv = Ira t At
target and proceeds through single-shot probability to f.
burst-kill probability, where: A, - the area of the target. normal to the

5.5.1 Representetion of the Target projectile trajectories.

Although it is probable that the target size (and For a circular, normal distribution of the probability
especially its vulnerable area) will be small compared density function of bullets relative to the target with
with the shot pattern throughout most of the AFAADS standard deviation o., multiplying v by the power
operational envelopes, there may be relatively large density function and integrating, the probability of a
changes in the area presented to the pattern as deter- hit is:

mined by the target aspect (e.g., head on, almost a2/0a2 +202) (5.231) !
directly overhead, etc.). This paper presents a target
model which is consistent with the capabilities of the
Ginsberg simulation. Furthermore. the target model is If a target were a disc (flying saucer from directly
realistic, accounts for the size variations with target above), the probability of a hit would be:
aspect. and avoids the assumption that the target size is 1 - 242a'2  15.232)
necessarily small compared with the shot pattern.

We use the Von-Neumann/Carleton approximation and the two expressions are to be identical for small
of a 'diffuse' target. This states (for a circular target for a2/2o"2 and asymtotically correct for large a2/2o' 2.
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Figure 5-48. Heavy and Light Antiaircraft Rounds Per Aircraft Kill from 1939 to 1945

The probability that the target is killed. is obtained (Figure 5-50) or p(K H) by Dr. Hans Brandli.` Direc-
by multiplying the probability of a hit by the probabil- tor of Contraves. Zurich, is of considerable interest.
itv that a hit causes a kill, p(k H). When the presented We represent the isoprooabilitr contours of the
area of the target is small compared with the shot

pattern, the diffuse target approximation can be used fuselage by an ellipsoid with its long axis along theby replacing target presented area A,. by target vulner- flight path. The projection of this ellipsoid is taken in
able area A, where, a plane perpendicular to the direction of relative veloc-

ity of the projectile at the target. u axis horizontal, and
Ap, = Atp(KIH) (5233) the v axis in a vertical plane Then for the fuselage:

et( 1 2-')' HfX (5 234

Simply using A, in the diffuse target representation where:
instead of A, may be close to the facts of vulnerability
even when the target presented area is not small com- '=t.3

X lu v 0_"33

pared with the shot pattern, particularly since strikes
on the extremities of the target (wing tips. fuselage
remote from the crew station), are less likely to pro-
duce an immediate kill than strikes on the crew cam-
partment, fuels cells, and armament bay.p n o V "l= (5"236f

Therefore. in the following development, the target It
is represented in terms of its vulnerable area only. If wi
more detailed vulnerability data is provided by the
vulnerability experts. the computation can be modified m
appropriately in a straightforward manner.

An earlier section of the report presented some Vfi V d\ A%, (S23
estimates of p(K H) extrapolated from German WW
11 estimates. Because of the current European antiair- NOTE: r,= 1.0 is a 'line* target. In integrating
craft system development, a very conservative estimate VAX. we have used -he expressýion:
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Figure 5-49. Eighth Air Force Aircraft Hit by Antiaircraft Versus Altitude

from the information in the simulation when it is
desired to introduce this improved representation.

,_ _Then to take account of overlap, we have for the whole
airplane:

V = Vf + Vw * VfVw (5-239)

A .. I 21XHfX e-(l 2)XHJwX

PAOJEC',E E.G T ,•.

00678 0.4
This is the desired result. The three terms are identi-

Figure 5-50. Probability that a Hit Destroys an cal in form and go into the kill probability computa-
Aircraft as a Function of Projectile Weight' tion in the same way. The extension of the method to

include multiply vulnerable targets is straightforward.
tedious by hand. but could be easily done on the

-d 1 2) X 'HX dX - 5238) simulation.
.,.,.oo H: I '2

5.6.2 Single-Shot Hit Probability
A, is the projection of the fuselage vulnerable area

in the plane perpendicular to the direction of approach The arithmetic of computing hit probability becomes
of te blles reatie t thetaret.and r, , Nare tedious even for single shot probability because the

of the bullets relative to the target, and r a. arecir-
obtained bv coordinate transformations from the ellip- raydistriued--nd error ay not bescircular.soid along'the flight path. cularly distributed and the zarget may not be circular.

The complexity increases when some components of

A similar expression is obtained for the wing (which error are constant during a burst, but randomiy distrib-
is a very 'thin' ellipsoid). To use this we need to know uted across bursts, and are not drawn from a circular
the bank angle of the aircraft, and this is obtainable normal distribution. The notation presented by R. C.
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r=.

Banash in SY-TN3-70' is a considerable assist and is 12 f "I1.' )T JT
applied and extended in the following discussion: Pss - • - X( B dT 5,24•

a. The coordinate system is assumed to he rectangu-lar in a plane normal to the direction defined by I Z I+ dI

the velocity of the projectile relative to the target. _r: ,.
This plane contains the target center of gravity. 05.250)
The u axis is horizontal and the v axis is vertical

b. The target is assumed to he diffuse, and is the .I2 21M (+S1 1 5.251)
projection of an ellipsoid (or two if wings are Pss- -j +,S .2
included) into the u, v plane.

Considering only one ellipsoid in the following (the This is the desired result.

extension to the fuselage plus wing. including correc-
tion for overlap is straightforward), the probability As an example, the following conditions are
that a round passing at (u, v) kills the target is: assumed:

V = e( ' 2)XHX (5.241) The target is assumed to he elliptical, the shot pat-
tern is not centered on the target. ind the random

The distribution of trajectory intercepts with the u. v errors have an elliptical normal distribution with ma-

plane is defined by its characteoristic function: jor axis differently inclined from the target's major
axis:

x(T) = ei%'T " ) ' 2 )T'ST (5.242) Then:

where: J - [a- rab]
T = ITI T21J Tj are indices = H1  2 a -(.521 -T21 2 rab h2

%I = muN Niv] .j ate means

S=moment matrix Ou2 POuIOvI (5.243) NOTE: r = 1.0 would represent a line target
PCuOv o, ] of zero depth.

and:

The characteristic function and the probability den-
sity function f(X) are related by: 1 " b 2 .2.

f(X) =(2r V2  e-T X \(T)dT (5.2441

- a- + +u- PC ___
'(T) = eiT Xf(x)dX 05245) 1 1 2

-.00 . . P + S1 1a)2 P u v•I v

The single shot hit probability is: 2 ab -r2L2 - b- 1 0:.-

Pss = V (X ) f X dX I5.246) (5.21  54-(5.254)

We make use of the integral:

AfeiRY - (1/2) YAY dY Rather than write out the complete expression for
.00 p. we write the reduced form for small target area

_2r e4 I ,2)RANI R 45.247) from the preceeding:

IA.1 2 [ uu\1V Nl":

substitute f(X) is terms of its characteristic function in Av u13 00 Ov-
ps. then: Pss 2- " I e"

p = (27,2 Tfl (I. 2)X -X iT X 'lT) dT dX 2551

(5.248) which we could have written down b-, inspection ini-
tially. However. it checks the preceding algebra. When

integrate over X and denote J = H; target size is not small. hut r = p = 0. then:

5-57

I= .-. -- 14 nr'.'rr~ .t .n ½



2i

m 5where:

= ab t+ 2 32 '1,- defincs the 'deterministic' components and,

(- , .+ . ,+ J20 -+2, 12 m defines the components which are constant. ""during a burst but random across bursts.

(5.256.) 5.6.3.2 Burst Probabilities
Again this is a well known result. The principal Consider a burst with n rounds. For specified M. the

advantage of the more general solution is that it allows probability that the target survives is:
r and p to be included. *. Loge (I1 ps)

5.6.3 Probability of at Least One Hit in a Burst 0 = n(I "Pssj) =ell

There are three cttegories of errors in the hit proba- e0  p .2
bility problem. They are: ( 1I errors which are random = e'- PsJ " I2 s. (5.259)
round to round, (2) errors which are deterministic.
once the target path and fire control dynamics are fixed and if ail the single shot probabilities are the :ame:
(for example, servo lags, linear predictor lags on a

curved course, bore sight errors. etc.), and (3) errors Q=ei p5  (5.260)
which can be assumed constant during a burst, but are e
chosen from a random distribution across many bursts.
For present purposes. we assume that the last class can
be described as stationary time series (functions) with - ( ('nPs)k
specified variance and autocovariance with time. This - Z - (5.261)
assumption can be relaxed on the simulator. k=O

5.6.3.1 Aim Wander The expected value ofb averaged over all m is:

Class (3) errors are commonly called 'aim wander' 0, -
and this is a convenient term. In fact. they are not 0= <0> Z(.n)k .k!.l JJ (Ps)k f(m) dm (5.262)
generated by a stationary process. and properly, both .=O
thý. variance and the autocovartance in time should be
expressed as functions of time. We recognize this fact
and allege that the precision sought for the present and since we have assumed that ftm) has an elliptically
analysis allows a simpler description. However, the normal density function with zero mean,
magnitude of this component could be so large for =(
short smoothing times and espec.ially with a quadratic i(rn = !BiI -(2,"rle(1 2,mBm (5263)
component of prediction. that we feel it must be
treated explicitly for burst times which approach the Then substituting M =1 + ni in the p,, expression
ch.aracteristic time (however defined) of the autocovar- (5.257):
an'ce function. For 2-sccond smoothing and a I-sec-

ond burst, the interaction is intimate. I B 2li,(npo)

As previously developed, the single shot hit proba- k
hilit p," is:

P=s = P (I 2) A"1 A ,I (5257) fF e4k 2)l +m]' A-1[pi +nil -(I 2)mBm din

\4 here (5 264)

Expanding the terms in the exponent inside the inte-
p. is% single shot hit probability with zero 'bias" gral. we obtain:

%I is the ias. matrix (1k 2) JPW I P + * 'A'ip + M'A'l + m'l m + (I 25m'Bm
Aý is a 2 h-, 2 matrix describing the random
round to round variances, correlations (uv) in the (5.265)
plane at a ,,pecified time. projected target vulner-
ihilithv dimensions, and orientation Now A~m = m'A: since both are scalars and A is

The matrix NI has tvo components: symmetric.

,= + in 15 23' Denote C kA!: K - B + C
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Then: Bias has a circular normal distribution with vari-
ance a.,2 in each coordinate, and a zero mean.

-* (.npo)k f Although widely used. this is a dangernuv assumption
L0 "-" -- e' c,'-eRm -(n)m Kmdm when the objective is to determine 'optimum disper-

27r- k' ff-
k=OC sion.' If the distribution of 'bias' is a very narrow

ellipse, the advantages of increased artificia! dispersion
by means of a circular normal distribution appear to

where: R (.26) vanish almost completely. We discuss this in the sec-
tion on Artificial Dispersion.

so that: Writing 0 directly.

ZB¼1 ('nP,)k 1A efPoe -n , (eOr- d(r., orc a + 2 ak0 -.. -''i- ke ' + IA R'K' R (5.267) j +

k=O5274

Expanding the exponent we obtain: Expanding the exponential and integrating term by
term:

"No:(l/2)p'CA + ( 112)' CK'1 C'j; (5.268) k('np°)k [ 3 '= a 2

k= a2 +202 +2kor a2+2or

K B + C (5.269) (5.275)
Po yby K For comparison we apply the general formula of the

present paper and allow 'bias' to have. in addition, a
component that is constant over all bursts. The matri-

I BK1 + CK1  (5.270) ces are:

2k 2 (5.276)
Postmultiply by C' kAa C - '2 + 272

C'ý BK'IC' + CK'IC " (5.271) B = r 21 (5 .277)

a2 + 202 + 2kcr 1
C is a symmetric matrix, C = C' B+C = 2122+ I (5.278)

hence the exponent reduces to: LB11 2  a + .0
__ _ a2 + C25.1279)

41!2)P'B (B + C]1 C'IP (5.272) 1B + Ci!/ 2  a2 + 2o2 + 2kar 2

and finally: 2kBIB+C]-IC 2k (5280)

a- + 202 + 2kor)
-=OIBI11/

2  (-nPo) e.2,' BB + CI "c" u and finally:
- k --O I B + C 1 !12 k '

(5.273) ¢ = np/). a2+ 1

This is the desired result. 62t ' k
2k

A simple special case of our general expression "F 32+ 202 + 1a- 2
which has been much studied is the following: c . r ( 291)

a. The target is circular, and diffuse, with an effec- where: - - -,
live radius a. 1r2 = Pu2+4 ".2

b. Round to round dispersion has a circular normal
distribution with variance a-' in each coordinate. This series converges since for large k an indivieual

c. term is:
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4 -PC -(.Or) (5.283) iHf(j )i2  2(1 - cos w Tb)i(wTb)2 (5.286)
(k +l IT

Then the standard deviation of the average value of
5.6.3.3 Resolution of Aim Wander Into x(t) over burst time T, is obtained from:
Components

Bv aim A ander, we mean that component of error in I =
aiming the eun which can be represented by a stochas- m=m f ¢(w2) iHf(JcO)1 2 dw (5.287)

tic process. correlated in time. with a zero mean. It

may arise from 'flight roughness' of the target trajec- and this portion of the variance of aim wander is
tory, or corre!ation resulting from the processing of treated as constant during a single burst and random
tracking noise in the smoothing and prediction ele- across more than one burst. The residue is treated as
ments of the computer. random round to round.

An ingenious method for dividing aim wander into If we confine our attention to relatively short seg-
two components was developed by Dr. J. G. Tappert ments of the target path, so that we need not deal
some years ago. It consists of resolving aim wander explicitly with the inherent nonlinearities of prediction
into two components, one of which can be included geometry, and still consider only one coordinate, we
with the random round to round errors during a burst, may estimate the interrelationships among smoothing
and the other of which is considered to be constant time. burst length, and the prediction algorithm. The
during a single burst and randomly distributed across concept has certain elements of similarity with those
more than one burst. For a given autocorrelation described in the more general paper of Slook.3"
function of aim wander, as the burst length increases Define:
the proportion of aim wander variance which is con- S(g 2) a power spectral density of target
sidered to be random round to round increases, roughness of flight

The method, although approximate, is both conve-
nient to use and asymptotically correct for long and N(w2 ) x power spectral density of tracking noise
short characteristic times of the correlation functions.

The following development is different from that O(w2) = power spectral density of aim wander

used by Tappert but the results are identical. Hpjow) = transfer function of the smoothing and
The method is described for a single coordinate. Let predicting element of the computer.

x(t) be the component of aim error which we call *aim Then:
wander.' It is described by its autocovariance R(s). or
alternately. but the power spectral density O(w 2 ) which Q( ,2) = N(,,2)IHpOj 2
is the Fourier transform of the autocovariance
function. + S(W2 )I1 - Hlp(jw) 12  (5.288)

Assume that x(t) is passed through a filter which
simply averages x(t) over the length of burst T,. so that The hrst term represents the error produced because
.he filter output x(t)is: the predictor treats the noise as target signal: the

Tb second term represents the error produced because the
predictor cannot predict target motion perfectly. These

x(t) = Tb"1 x(t -s) ds (5.284) expressions can be computed in a straightforward
manner. For a simple example to show how the predic-

The transfer function of the filter is. lion process corre!ates noise, we consider only the noisecomponent of the above relation and assume that
Hf( ,.) = (I - e'jVOTb).i0,.;TbO (5.285) sensor noise is white.

For a predictor we assume exponential smoothing in

position. and double exponential smoothing in veloc-
and the squarc of the absolute magnitude of the filter's ity: so that high frequency noise is filtered out. The
transfer function is: transfer function is:

5-60



Hp(s) =(I+ slip + 2T)] 1(1 + sT) 2 ;s =jto (5.289) On the other hand, if the characteristic time of noise
autocovariance is long relative to smoothing time, as it

and: T - effective smoothing time, t, - time of flight. may be with manual trac,,ing: or target flight rough-
ness is considered, most of the resulting component of

Note that T for this filter is not the same as T for a aim wander should be considered constant over a burst
finite memory filter. as shown in Tappert's analysis.

We couid combine this expression directly with the We note one additional characteristic of aim wan-
transfer function of the averaging filter and obtain der. The miss distance is the rms value of the miss
0%,,', but we first perform the intermediate operation of distances in u and v. If we assume as a limiting case
determining the autocorrelation of predictor output that the separate components are exponentially corre-
error; as a result of its operation on white noise. It is, lated in time but have zero cross correlation, we can
normalized to unit variance: compute the autocorrelation function of the radial

miss. If both components ?re normally distributed with
Stp)2- a zero mean, and the same variance a-'. and the same

p(T) = /I2T+Z e--+T T (5.290) autocorrelation p(s); then from results appearing inT2  
the literature,' we find that the normalized autocorre-
lation of r is (all terms normalized to unit variance):

This expression is very close to:
F(s I (-)

p(r) (l-•,)e!T (5.291) R(s) = Fo (5.296)
T F(o) - (r)-

where:and we will not be far wrong if we approximate it as:
P(7) - e'2t/T (5.292) F(s) = (I + p) Et(4p)/(l + p) 2 1 : E is the complete

elliptic function of the second kind
We infer the interesting conclusion that when we

include the differentiating function in the filter, the F(o) = 2.0
characteristic time of the output error, expressed as an
approximately equivalent Markov process, is only half r2 = ,t/!2 (5.297)
the effective smoothing time of the filter.

If we put Markov noise with variance 0-2, and char- and to within 10 percent:
acteristic time T,. through the averaging filter, we find
that: R(s) = (p(s)] 2 (5.298)

m 2i02 = 2(X- I + e'X)/X2  X X = Tb/Tm (5.293) The time correlation of radiaý error is thus substan-
tially less than the time correlation of the component

and this can be approximated for small X as: errors for the preceding assumptions.

am 21a2 • -X/3 (5.294) 5.7 ARTIFICIAL DISPERSION
By artificial dispersion we mean the deliberate in-

Our final approximation for the fraction of aim crease of the round to round deviation of individual
wander variance that is to be considered constant projectile trajectories from the trajectories computed bN
during a single burst and random across more than the fire control system. The effect could also be called
one burst is: pattern fire. since it builds up over time a pattern of

shots about the expected target position like that of a
Om2/0a 2 _m e" 2 3XTbITs) (5.295) shotgun.

We conclude, subject to the limits of the various With the Gatfing Gun an artificial dispersion pat-
tern can be developed by canting individual barrels

approximations made previously that if the character- rltv oteai frtto.Tedsrbto uc
istic time of correlation of sensor noise is small com- tion of the attr depends on The dis peruion

pare wih sooting ime an bust lngt isrouhly tion Of the pattern depends on the inherent dispersion
pared with smoothing time, and burst length is roughly of individual barrels as well as on the amount of cant.
equal to smoothing time. all of the aim wander compo-
nent caused by tracking noise can be considered ran-
dom round to round. These relationships are character- develop a uniform coverage pattern.
istic of a major set of our simulator runs. and the An artificial dispersion pattern can also be developed
above argument probably explains why we found no by 'dithering' the gun servos How effective this may
advantage in artificial dispersion for these runs. in the he depends on the attainable frequency-amplitude rela-
absence of target evasion. tionship. One would like several cycles of dither within
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a gisen burst, and the burst length may be a second or b. Quadratic Prediction:
less x(t + a) = x(t) (I + 30 + 2)- ) - (40 + 402)

An important consideration is how the desired arti-
ficial dispersion, if any. should vary with range. It + x(t - T (22 + 3) (5.301)
`*ould indeed be fortuitous if the constant angular
dispersion produced bv barrel canting were optimum where' 3 = a'T
for all ranges. Dithering does not have the disadvan-
tage of constant angular value, and its amplitude may T = smoothing time, or memory
be controlled by the computer. The problem is one of a = timeofflight.
mechanical realization.

In the following sections we consider first the use of if the target is accelerating. the bias of the linear
artificial dispersion to maximize single-shot probability predictor (steady state, constant acceleration) is:
against a maneuvering target. and then consider the
more general case of burst probability. Ca212 (I + M)!i3 (5.302)

5,7.1 Polynomial Prediction Versus Noise and Assume that position measurements are contaminated
Artificial Dispersion by tracking errors which are defined by zero mean,

variance co.2, and autocorrelation zero over T/2. Then
As noted in Section 5.6, ar'ificial dispersion is more the prediction error of the quadratic algorithm, against

likely to be helpful in compensating for target maneu- a constant acceleration target, has a zero mean and a
vers than for aim wander generated by tracking noise variance -or2 given by:

correlated in the filtering unit, since the latter can be (o )2 = I + 63 + 30032 + 481g3 + 2404 (5.303)
kept low by proper design. We therefore consider -/
briefly the interaction among quadratic prediction, and the linear algorithm yields a variance of:

tracking noise, and artificial dispersion. when the tar- ,(50,
get generates a constant acceleration. This analysis "p)', = 1+ 213+2.

provides a basis for anticipating results likely to be

obtained on the simulation. To facilitate slide-rule
computations. the simplest two- and three-point pre- b 0 Ca 2 2(I +/3) 3 (5.305)

,!ictors are used. It was shown earlier that these predic-
tors provide results consistent with the more sophisti- The variance ratios (/',r) 2 are plotted in Figure 5-
cated predictors. SI.

5.7,2 Kill Probability
Algorithms are given for one coordinate. In comput-

ing kill probability it is first assumed that the same We assume that the autocovariance of filtered track-

prediction function is used in all coordinates; then the ing error has a sufficiently short characteristic time thatwe can obtain some understanding of the relationships
consequences of using acceleration prediction in one among noise, prediction algorithm, and target accelera-
coordinate only are examined. Errors in computing tion can be achieved by examining single-shot proba-
time of flight are not included, bility alone. This is most likely to be acceptable when

the single-shot probability is small. In a later section
Considering a single coordinate, the target motion we consider burst kill probability in a more general

Is: way. Orn the simulation, aim wander, resulting from

filtering of tracking error as well as target maneuvers.
x = A + Bt + 12 Ct- (5.299) is considered explicitly. Then single shot probability

can be assumed to he represented as:

The simplest prediction algorithms are used. name!v: a2s -Cb2j( + 2a1 (5.300a + 201
a. Linear Prediction:.lPtl 3)sion: ,~ 1500) where- 7ra' =target vulnerable area. o-2 = random

ct l +ý).xft T)3 (5.300) round to round variance
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Figure 5-51. Noise Amplification in Quac'" ". and Linear Prediction

Assume in addition that; The optimum incremental dispersion is readily deter-

= o 2 +~2 mined to be that value 2 o' which makes:
=a2 + .- 2 

(5.30Q)

where oa-, is the variance of all other sources of ran-
dom round to round error (including, for example. gun and so incremental artificial dispersion helps p,, when.
dispersion), and for simplicity assume:

a+2- << 20 (5.308) b2 >a2 + 2o (5.310)

Again. this assumption can be removed without diffi- or. for oui simplifita case. %,hen:
culty when desired, at some expense in algebra.

5.7.3 Optimum Dispersion bh > 20p 5.31

In the presence of known bias, single-shot probabil-
ity may be improved by providing artificial dispersion. To further s:mplif6 notation, we designate:
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(5.312) 2e" 1 [I + 60 + 3002 + 483 + 24 4]1

which is the singie-ihot hi:t probabilit, with zero bias, 2( +)2 (5.322)
and prediction variance equal to tracking variance.

5.7.4 Criteria and Boundaries and;

Define: For small 0: 1T!Uo) 2 = 2el/132 (5.3231
MN T. "/0T (5,323)

MrFor large 13: ( -1 )io ) = 48e" 5.324)

Then in the kt,1 P) plane, regions can be developed F

showing where linear or quadratic prediction are pre- 5.7.5 Partial Quadratic Prediction
ferred, and also the effect of incremental artificial
dispersion•. Taking these in order, comparing quadratic As previously noted, when the target acceleration is
prediction with linear prediction without artificial dis- not high, a higher hit probability is obtained with spersion. the decision boundary is defined by: linear prediction and artificially increased dispersion .

than with quadratic prediction. This is because the
(Pss) lineai = (Ps s) quadratic (5.314) quadratic prediction amplifies the tracking noise

greatly, even though it eliminates the bias. An obvious
which, after some manipulation of the p,, expressions, compromise is to use only a portion of the quadratic
is determined to be; prediction term. This has the dual advantage of reduc-

ing bias and increasing dispersion, and if these are
2 (I + 203 + 201) optimally baianced, one would expect a better hit

0(1 +))2 probability than shown by the methods of the prior

paragraphs.

X loge I + 61 i 3ý32 + 4813 + 24 We write the quadratic algorithm in modified form
I +203+ 2p- as:

(5,315) x(t + a) = x(t) + 3x(t) - x(t - T)] +2X( 1 +) )

For small 0: t1T,.O 2  8/f3 (5.316) x [x(t) - 2x~t - L) + x(t . T)j (5.325)

For large ý: (iNT'Oo)2 2 (4a 3,2 (log, l213 (5.317) Then:

Now consider when incremental artificial dispersion is /a 2 = I + 0"2 + 4X) + 9 ('2 + 4A + 24X2(
desirable with linear prediction and an accelerating P/ 01 + 4 + 3 2e
target. The boundary is readily determined to be: + 48X213 + 24\ 2134 (5.326)

T T'o) = 1 + 21 + 43- 1l +0 -2  (5.318) and the bias is:

Fotrs all•: (M1 o )2 = 2.32 (5.319) ICT 2 03(I + )( ' - X) (5.327) 1

For large 3: ("T/Oo)2 = 413-2 (5.320) Set. fX) =- pO -)2  (5.328)

Artificial dispersion. when used, improves p. in a g(M) =[3(I + 1)(J .• )]2 (5.329)
region where quadratic prediction is preferable to
linear prediction without artificial dispersion. In fact.
artificial dispersion extends the region in which linear NITr 1
prediction is preferred. We therefore determine the Then: fex j (5.330)
boundary between linear prediction with the best arti- Te 5soPss -'
ficiai dispersion and quadratic prediction. Single.shot !
probability with optimum artificial dispersion is read- which has a minimum when: 4
ilv determined to be: 13 d d.'5. 2 ) " iT " = f g , f0 - ((dg d X ), (df idX .)] 0 .33 1)

PS5 P =e *I 2(co NIT)2 (1+It is possible for the optimum X to be negative, for low

Setting this expression equal to p., for the quadratic target accelerations. This is because the algorithm is a
prediction: three-point predictor: and in fact. for zero target I
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acceleration, a three-point minimum variance predictor In the foregoing figures, the effect of smoothing time
reduces the effect of noise best when: T is submerged in the parametric representation. In

fact, straight lines of constant slope T represent con-
S 1] -20(1 + 0)]"1 (5.332) stant smoothing time. The effect is made visible in

Figure 5-58 for linear prediction and Figure 5-59 for
The algebra becomes increasingly tedious, and the the partial quadratic prediction. It is interesting to
expressions will not be written out here. For computa. note, that in Figure 5-59, there is a region where the
tion it is most convenient to choose X,# and solve for predictor performance appears relatively insensitive to
MT and pso/p,,. The expressions are rela ely simple smoothing time. This is further illuminated in Figure
forX =0 . They are: 5-60 which shows the effect of smoothing time on

=, 4(l+2 +202) 4z333) linear versus full quadratic predictor.
NT_ 3(I +j3) (1 + 23)2 5.7.6 Comparison of Prediction Modes

As a specific example comparing prediction modes.
2(1 +B first consider the threshold target acceleration, above

psPss = (I +2+232)e (1 +23) which we obtain improvement from the quadratic
prediction. The following are assumed: two values of
Cr.. 10 meters and I meter respectively, a time of

The comparative effectiveness and regions of preferred flight = 3 seconds, and a smoothing time of T =- 3
use of the preceding prediction modes, as well as this seconds. For the 10-meter tracking. there is no point in
interrelationship with dispersion, have been developed correcting for target accelerations less than 0.2g. For
in the following figures: the more precise tracking, the boundary is 0.02g. Now

Figure 5-52 shows the contours of the constant hit consider the single-shot hit probability against a I
probability in the MT,1 plane; for simple linear, two- meter target. Various cases of interest are summarized
point prediction. Hit probability drops off very rapidly in Table V-5.
as the acceleration-produced component of target dis- With poor tracking (10 meter). the optimum partial-
placement approaches and exceeds the standard devia- quadratic prediction allows shooting at a 0.5g target
tion of tracking error. with a degradation in hit probability of a factor of 6

Figure 5-53 shows how optimum incremental dis- compared with a factor of 17 for complete quadratic
persion expands the region within which hit probabil- prediction. thereby resulting in 17.200 rounds per
ity does not drop below some specified value (such as aircraft. With good (I meter) tracking. a degradation
the 0.01 contour). The effect is greatest for the low of a factor of 17 is realized (since hit probability was
probability contours. originally so high). but rounds per aircraft against the

Figure 5-54 compares the linear with the quadratic accelerated target is 500. There is no point in shooting
prediction and shows the regions within which each is at the accelerated target at all without some form of
preferable. There is still a reduction in hit probability quadratic prediction.
with target acceleration, within the linear prediction The above figures should be accepted with reserva-
region, bat the reduction in probability is arrested tions, of course, since they are based on the assumption
when the quadratic region is entered. of no round to round correlation resulting from filt-

Figure 5-55 shows the preferred regions for linear, ered tracking noise.
linear with increased dispersion, and quadratic predic- As a result of the preceding exercise. %hich was
tion. The intermediate region is somewhat improved conducted early in the study, it was apparent that
by using linear plus dispersion rather than quadratic. acceleration prediction at best was not likely to be very

Figure 5-56 shows the contours of the constant-hit good if done in all three coordinates, because of the
probability, when the optimum partial quadratic algo- associated amplification of tracking noise. It was there-
rithm is used. Below the y - 0 contour only a very fore decided to use the acceleration measurement forritl isprused. B elow tss the ip0contouronyaverynt prediction in onl, one coordinate: with that coordinate
small improvement results, since the improvement tobinahrztlpaepredcurtohefgt
represents, essentially, a smoothing of present position. to be in a horizontal plane perpendicular to the flight
Above the y - 0 contour substantial improvement is path. to correct for horizontal turns of the target. It
indicated. The degree of improvement is easier to see was also decided to correct for target acceleration in a
in Figure 5-57, where the constant-hit probability climb, or deceleration in a dive. b-, assumine 'constantcontours are overlaid for the simple linear predictor total energy': i.e.. estimating vertical acceleration as -g
and the optimum partial quadratic predictor. For ex- sin 0; where 0 = angle of climb. The latter correction

ample, when a/T - 2.0 and the target acceleration is computed from the velociti measurements directly.
produced displacement in T is twice the standard and therefore does not introduce additional noise
deviation of tracking error, the partial quadratic Nields amplification.
ten times the hit probability of the linear predictor. Noting (from Figure 5-5' for examnple that the
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Figure 5-52. Contours of Constant-Hit Probability with Linear PredictionI

most rapid degradation of kill probability is with the 5.7.7 Interaction of Optimum Dispersion with
increasing time of flight for all prediction modes, and Acceleration Prediction Mode In Only One

that this degradation can be arrested by increasing Coordinate
smoothing time with time of flight, it was also con- If the target accelerates in only one coordinate, for

• I I

cluded that the smoothing functions should smooth the example in the direction of the v axis in the (u. V)
input data more heavily at the longer times of flight, plane, then the single shot probability is:

As noted in the section on filtering, this is miore easily Pi 2 a2  11
done in a recursive algorithm than with a fixed mem- t.a2  a,.) (a' + 2 av2)7
ory filter. Therefore, future effort should be concen-
trated on appropriate recursive algorithms with X v~'a + 2 o' 2) (5.335)
weighting varying with time of flight (and possibly and this reduces to our previous equation if we use the
other parameters determined to be significant in fur- same prediction mode in both coordinates, and a circu-
ther study). lar dispersion pattern. If, however, we are clever

5-66



r

ci

100

\ '

OIo,~ ~ ~N IldR : . ... " . . ..

Figure 5-53. Region for Employing Increased Dispersion

enough to introduce artificial dispersion only in the Next. comparing kill probability with linear predic-
direction of acceleration, the optimum dispersion tion in one coordinate and quadratic prediction in the
(when required) in the v direction is: direction the target is accelerating with quadratic pre-

20 + 2, 2 diction in both coordinates,. we obtain the comparative
32+_o.2+_a : =a bV" - 533(,) kill probabililies as a function of T ,s shown in

p /, 2Figure 5-61.

and the kill probability with optimum dispersion is. At a time of flight equal !o ,moothing time. kill
using the same assumptions as before: probabilitv is increased bh a factor of live: if quadratic

prediction is made onl, in the coordiate which the
NI I +T) 15.33- target is accelerating. For i time (i" flight t\, ice that 01smoothing time. an improvement factor of ten is real-

ized.
Comparing this with the previously obtained expres-

sion, we see that we have doubled the kill probability
over the case where we apply artificial dispersion with
linear prediction in two dimensions.
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5.7.8 Conclusions 5.7.9 Artificial Dispersion When Target

Aceerto is o eaue

We expect the findings obtained ahove to he valid Aclrto sNtMaue
The previous secilon considered the case %here tar-

for other weighting functions than the simple 2- and get acceleration was, constant for a sufficiently long
I-point predictors considered here. hui with higher time for the computer to measure the acceleratio'n and .
probahilities in all cases. resulting from better smooth- predict. and for the projectiles to reach the target. An
ing of the noise. 11 turning targets are to he considered. alternate possibility is that the target weavcs. jinks. ec..

the acceleration prediction should he only in one coor- so thai a short hurst will have a systematic error of
dinate. The amount of quadratic prediction made (full center of aim. However, the error of aim point can beI

considered randoml e distributed across bursts. This
or part correction) should he a compromise hetween assumption also applces when the cause of aim error is

systematic error, caused Is, incomplete prediction, and slowly varying. i.e.. 'aim wander'.
noise amplitication in the acceleration measuremcnt. If we assume that the probability density function of

Further ,inaie apainst realistic target paths should point of aim is normally distribruted in' one or tbo

preferahlm hc done oin the simulation dimensions, with zero mean, we will tend to prefer
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smaller artificial dispersion than if bias were constant aa
across bursts, so as not to prejudice the effectiveness ofollowi -n g - = single shogt ht
the bursts fired when aim error is small. In fact. for a-+ _o prohahiiit>
one round we would always fire at the most probable
target position. with zero dispersion, if possible.

The relationships for obtaining optimum dispersion 02 f *- . x xee'Bare SVI'

in the general case are summarized in the following pr'ohabtitl. :5.33q•

paragraphs.

First consider the case where both aim error and A - .a2 '"a tre ra ~n~

dispersion have circular normal distributions, with a+ 20- oud It
variance oa-. and a2 respectively. round

The basic expressions are well known:
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Figure 5-57. Linear Prediction Versus 'Best' 3-Point Predictor

aOptim-um dispersion.

j= j , I I + B5 3 4

To obtain the optimum dispersion we sev .Kl roaii.

ao-ai = 0 54-
We can do this ,easilk %itl-out extensive CoMputil- Pk i- ~

iions, only when A is sma'l. and remains small within
ihe region of optimizatioti. This is true if na CT,cr is For circular normail di-strihuiion of dispersion. hut

smafl.hias normally di'irihuted in one coordinite only:
For this region we obtain the following resultsý

a. Optimum dtspcir~ion.
For hids and dispersion both having circular. normal . I ~ 3O

distributions: -0 0,11a,
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Figure 5-58 Probability Contours Versus Time of Flight using Linear Prediction

h. Kill probability. and that in the direction of the one dimensional bias
distribution, the optimum dispersion is given by-

IPk vlia- 2 0j (5.350) In o
Note that to ths order of pproximation. when bias ,a

is distributed in one coordinate only, the optimum 2 (2 GV)'2]C_,

' ' 2"]

dispersion depends only on the number of rounds and
the target size. This wiill be the normal case for a o*v is dispersion in the directionj of bias.
passing arget. In addition. the optimum dispersion in
meters is independent of range, and so cannot he and this does indeed increase with or..

achieved by constant angular dispersion at the gun. Cmaigteetrecssadntn hti -
Assmnother r heao porexectding thgeboptisu c irrecularii results from a random target acceleration. it is there-Idiotperresionpten asr dxertiveng the spimulaio tcir bea fore proportional to time of flight squared. we find

disprsin ptten asdervedon he smultio tc be that in the first case. artificial dispersion in meters
very small, even against maneuvering targets. should increase with range, corresponding roughly to

If dispersion can he varied in one dimension only, constant angular dipersion. In the second case it
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should be constant with range. corresponding to angu- 5.7.10 Power Required for Dither
lar dispersion decreasing with increasing range. In the If
third case it should increase more rapidly than range. If
hut should be very small for close ranges. I = inertia of the gun + moving parts in azi-

The conclusion from the preceding considerations is muth.
that if constant angular dispersion is useful, it should A = peak amplitude of dither.
show the greatest value against incoming targets ma-
neuvering in two dimensions. We expect it to he of w = frequencý of dither
lesser value against crossing targets. even A hen thes ihrapiue.i 1fnto ftm

are jinking. It is hoped that time will permit th'e 8=dte mltd ifnto ftm
experimental investigation of these conclusions on the Then. . \.~-
simulation.

The torque required to dither ithe inertia ognoring
friction) is:
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And the power required is: =0 m- x04li .37

P = 1o0 (5.354)

For Vigilante in azimuth: A 5 mil dither at 3 Hz would require about 0.2 HP
peak power. This seems feasible from the point of

I = 6300 inch-lh-set.2 view of power, hut needs to he carefully studied with

Writing o= 2-rf. where f is .requenc,, in Hz. peak regard to reactions on the mount, interference with the
power requited to dither is: stabilization loops, gunner annoyance, gear %-ear.

3 noise, and the general impression given an observer
PmX = IA,3 = "-that something is wrong with the system.

Dither might he explored experimentally with theLetting0. peak mil amplitude of dither in mils. and existing Vigilante by putting the gun servos out ofI
adjustment. to see what it looks and sounds like in real

'ms (n,~ (l' 23 3 (55) life.J
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Table V-5. Expected Number of Hits with 100 Rounds

iargct acccleration 0g 0 5g

Iracking a 10 .Meters I Meter 10 Meter, I MNl vr

lineax prediction 0035 3,5 00000 000011

Quadratic prediction 0002 0 2 0.00' ) 20

Optimum part-quadratic 0.035 3.5 00058 0.20

006'X-5 65

5.8 DYNAMIC CALIBRATION OF THE AFAADS allow daily calibration, much of the normal opera-
SYSTEM tional degradation may he avoided and a very highequipment effectiveness will be realized.

Anyone who has used fire control systems in the field

is well aware of the problems involved in keeping The following paragraphs suggest an approach to
them in good adjustment. In this respect digital com- dynamic calibration. Its detailed implementation re-
ponents may have an advantage over analog compo- quires further study in conjunction with specific de-
nents. For example. the digital components either work signs as AFAADS goes forward.
properly or not at all. whereas an analog component The basic idea is similar to that employed by Col.
can be badly out of adjustment and still operate after a Kerrison in field adjustments of his Kerrison predictor
fashion. In reviewing the literature on fire control for the 40-mm Bofors gun. That application was as
system experimentation for this contract it was noted follows; the predictor used a simple rate times time of
that an important set of experimental firings produced flight solution. Gun superelevation was set in as a fixed
questionable results because 'the exact cause for this value for a specific range The time of flight corre-
apparent bias in the radar data is not known.' It is the sponding to that range was set into the predictor as a
personal opinion of this writer that there is an ener- constant value, and constant azimuth rate (arbitrary)
getic group of technicians, who could be called 'The was set into the predictor aided tracking control. The
Adjusters' and who are always represented in any predictor traversed at the preset constant rate: and if
complex technological field operation. 'The Adjusters' the system was in proper adjustment. the guns led the
use their skills to adjust radars so that they track line of sight by an amount equal to rate times time of
smoothly, but with serious lag, analog computers so flight. The gun was then fired, and the commander
that they pass standard check point problems, but fail observed the trajectory (tracer) through the tracking
on operational courses, and air to ground rocket safety telescope. It all was well, the tracer .sould enter the
devices so that the warheads will never arm acciden- field of the moving telescope from above and pass

tally in flight, or intentionally when they hit the target. diagonally down through the intersection of the verti-

Probably the greatest coup of the 'Adjusters' resulted cal and horizontal cross hairs. Crossings of the hori-

from their participation in the Navy pre-World War If zontal cross hair in advance or behind of the vertical
cross hair indicated faultv prediction and or gun servotorpedo development program. functioning. A small tolerance in adjustment was al-

A year after the SCR-584 was introduced to combat lowable because of bailistic dispersion. The method
"allowed systematic errors to be recognized quickly and

in the European theatre the Army found it necessary to simply. so that corrective action could be taken at once.
ser.d a special task force from the United Stateo to
deactivate the field fixes the 'Adjusters' had put on the The same idea can be applied to AFAADS. It' a
sets in operation. rectangular coordinate sstem is used. constant X, Y. Z

rates may he injected into the system so that the
Boresighting and calibrating a complex fire control tracker points at the corresponding present position

system is a difficult task in itself, aside from the through the regeneratie unit and the gun fires at the
enthusiastic assistance of maladjusting personnel. Mal- appropriate predicted position. The gun commander.
adjustment is the principal reason for using large watching through the visual sight. should see the trac-
artificial dispersion in AFAADS. If a simple. reliable ers cross the intersection of the cross hairs. wAithin the
method of field calibration can be provided that will tolerance of whatever artificial dispersion is set If
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Figure 5-61 Comparison of Quadratic Prediction in One Versus Two Coordinates

artificial dispersion is set at a constant mivalue. the remaining on the cross hairs of this sight if the system.

tracer pattern should form a symmetrical group within with the possible exception of the ballistic unit. is in
ir'. appropriate minring in the sight. If the group is not proper adjustment. For this test any passing aircraft,

symmetrical about the intersection of the cross hairs, including friendly aircraft, will serve. The combination
the system is out of adjustment. He will not see as o h w et hstss h opeesse yai
circular group. of course. but rather a pattern crossing o h w et iu et h opeesse yai

his sight diagonally front ebove with art angular width clly.

equal-to dispersion'. See Figure 5-62. .MON OSILTNAN VBR IN

i I j

This procedure does not test the sensor adjustment. ISOLATION
To test the sensor and all of the servos in the system. I hsscinw ics h
including the gun servos, the ballistic element is . e to Inti eto edsusteproblems of firing

a mode in which it outputs zero time of Rlight. supere!- wheteAF DSmutiin oinawllate
evation. and other ballistic corrections. A real target is problems of shock and vibratin of the mount, caused

then tracked. The gun commander looks through a by the gun firing. which are communicated to the
sight fastened to the gun tube. He will see the target human operator. h
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's%. " Cornell' ,,uinq the same data for ver, rough
+ terrain, prefers to square the denominator of the

abome expression. %hith appropriate change in the
coefficients. But for smooth terrain such as paved
roads, the preceding expression seems to Lise a
better lit

/ h. The break frequenct:,l. tends to fail between 3 x
103 and III: ,cle, foot I 100-3f)( I'f c\cle) on
Rekker's chart.

I c. The principal difference across terrain samples is
t Y1 L - **ý L E.- in the value of o'. The zero trequenc\ intercept:

Figure 5-62. View Through Sight Showing Out-of- an vary over 'even orders of magnitude (l 11,
Adjustmnrt Condition of System from concrete roads to rouch terrain. This. of

course, is not surprising. What is surprising is the
5.9.1 Fire on the Move relative invariance of the first-break frequenct in

measurements made for application to ground
It is desired that AFAADS hae the (secondary) vehicles, and the identical shape of the PSDs

capability of engaging an aircraft target. whiie the over wide variations of terrain t\pes (except. of
AFAADS vehicle is in motion on a paved road. This course for the microstructure).
section develops some tentative spectra for vehicle d. The principal difference between the Cornell ap-
motions and their implications on tracking proximation and the one used here appears to be
requirements. at cvcles shorter than I(' feet. This would be

important for a jeep. hut \,ould be averaged bh.
The approach is: (I) to establish power spectral the AFAADS suspension. Hence. present findings

densities tPSDM of road unevenness. (2) determine can he extended. to ,ome degree. to ,ff-road
transfer functions of the vehicle and its suspension, (3) motion.
determine the power spectral density of resulting angu- In Fieure 5-63. three terrsin power spectral densities
lar deflection at the sight head. This final PSD can he from Pradko" are shown. These are for cross countr\
compared with the man's ability to track. and/or used motion. Curve Vi is for the Perrvman Cross Countr,
as a design objective for sight stabilization, course at Aberdeen. and XII and XIII represent two

samples of 'Cross Country Severe Roughness' at Fort
5.9.1.2 Ground Roughness Knox. Note that the break frequency appears to lie at

Manv measurements have been made of the power about 102 c~cles per foot Comparing these with Bek-
Fpectral densities of terrain, varying from very smooth ker's curves for roads, we aiain contirm that the break
concrete runways to very rough cross country terrain. frequencies arc about the same. Howeer. the zero

intercept is about 10: frt c,,cle 'ft for cross countr,,.Bekker has presented extensive summaries of these bout or road
findings. For present purposes. it seems adequate to

summarize these measurements as follows: We note a discrepancy across PSD measurements for
ground vehicles and for terrain followine aircraft. The

a. The power spectral density can be approximated PSDs for both should be consistent. It' the, were. the
as: break frequencies for ground ,ehicles \%ouhd be about
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Figure 5-63 Power Spectral Density of Various Terrains

twAo orders of" magnitude smaller. This is an area of K(V -y X mý (0.360)
terrain analvsis that requires further study.

5.9.1.3 Vehicle Suspension The steady state spring deflection is:

The simiplest model of the vehicle and its suspension Ws =A k (5.361)
system is as~sumedl. For simplicity we call the 'vehicle'
all those elements which are supported h-v the suspen-
%ion. A tracked or man,, -whecled vehicle ik implied. The natural frequencN of the vertial oscillation is:
T he weight of the vehicle W is supported bK n springs, 532
each having a spr-,ng rate of k. K = nk. the vehicle
mass m - W/g. Ignoring damping and summing
vertical forces, with N - vehicle. c.g.. position in If the suspension deflects one foot under the weightI

inetia spce.relative to a fixed reference: and of the vehicle then-
N.- ound height from the same reference on flat

ground then to- 5.7 rad/sec =0 9 cycles/sec
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As will he shown, this is about right for at least one rested on a flat platform. .%hich was oscillated verti-

existing vehicle. callv and then in pitch, the response curves wereSIeobtained as shown in Figure 5-64. These agree withIf a vertical sine w,,ave excitation were applied uni- the predictions of our simple model.
formlv across the base of the vehicle, the mean square
amplitude of the vehicle motion would he. 5.9.1.4 Combining the Problem Elements

I v523I61 The terrain PSD contains all frequencies to varying
= I 45.3631 degrees. Thes are transformed from cycles per foot to

l . . c'cles per second h-, he vehicle motion. In addition,[ ~the %ehic~le oeaveres'ihe ver\ short wavelength compo-

nents because M" its own length. The averaging efrect
of vehicle length can he approximated b\ the transfer

In real life, the suspension incorporates dampers. function ,%%hose mean square magnitude is:
However. dampers reduce the ability of a spring sus- II
pension to perform vibration isolation at high frequen- 1_0 ., .- U 15.(181
cies. and to the degree that the suspension is supposed Al 4 + -4 _2
to achieve this end. damping should be kept as small as
possible, consistent with reducing the amplification of This function is independent of speed: it represents

motion at the resonant frequency, the mean square value of pitch if the ,ehicle is simply
SNow consider the same simple model in pitch, Rep- pae trno taypito h eri

resenting the vehicle approximately as a block L long In Figure 5-65 the preceding function. expressing
and H high. its moment of inertia is: the effect of vehicle length. is shossn for an arhitrar.,

= m(L + 1-12)12 (5.364) 10-ft long vehicle.

In Figure 5-66 the terrain function, approximated
by straight lines on log-log paper and the vehicle

Further assuming that the suspension can t e repre- response of Figure 5-0p are multiplied together and
sented as a spring force uniformly distributed along L - anplotted: using ippropriate scale,, it) convert to cy.clesat k (Ih/ft/deflection/ft), the re'storing torque for a pe eodfr vhce•peso oad5mh h
rotationper second r vehicle speeds of 2 and mph. The

slower speed is more likely, and the overlap with the
L'2x2 L8 dynamic response peak of Figure 5-64 at this speed is

T = 2 Is x-dx = k 12 marginal. But at 20 mph there is complete overlap.

"Note that if the terrain break frequenc. in fact has a
15.365) lower value, the horizontal portion of the response

_L curve in Figure 5-66 will extend to lower frequencies.
kdx = kL E K Noting, however, that the upper cutoff is at about I

.10 dHz. and remembering that the man is at best a I Hz
servo, we mas conclude that he ,A ill not track ,,ell

and so the natural frequencv in Ditch is: without sight stabilization while the vehicle is in
I motion.

k cv
"5.3(,o) lntegramin o,,er the terrain PSD and the vehicle

Will H2 --

ip m 6 + I(1+ U length averaging function but excluding the %ehicle

m L2 dvnamics. we obtain a mean square pitching motion
of-

which we therefore expect to be less than the natural
frequency of vertical motion. a', PL(2 I - ) (4 + p

If the vehicle is W wide, the same method Pives a (5.369)
natural frequency in roll of: \vhcrc:

Wnr 2 = 3w 2/ 53671 = Ik, 2(2 5-3'70)

rhe quantit or-L1 is the ,imo 'terrain roughness
parameter' used in the studs ol contour flsing. and
should be identical. Differences are prohahl\ accounted

again. probably higher than that in vertical motion. I-or bv the difference in length oi record. and the fact

The U.S. Army Tank and Automotive Command did that In computing PSD for ground ,ehicles,. records
a very careful computer simulation of the M-56 vehicle have been too short to represent the very long wave-
and its suspension system. Assuming that the vehicle lengths accuratel\.
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F~gure 5-64 Computer Simulation of the M-56 Vehicle Suspension System

For ai 10-ft lone vehicle the maximum frequencies that the man can track

02-70 00O mil2 5.371l effectivelv. This strengthens the argument for a stabi-o lized sight.

5.9.2 Effect of Firing the Gun
so that on. a good road, the pitchin~g motion, including Some simulator results on Vigilante firing. communi-
% chicle dsnamics, should be only a few mils Off road, cated to is bN Frankford Arsenal, indicates that for
(iof course, it can he many dlegrees. Since, Vigilante 'A' N ount and Carriage). at a gun rate of

(513-) 3000 rpm. the mount res.ptondN ssitli a %eirtical motion
(bounce) of ahout !3 Hz and a double amplitude of
1/4 in. The angular response is at about 9 Hz with

Reducini! the break frequenc w ill increase ihe mean 9-mil double amplitude. In the case of Vigilante '13
square pitch. but the increase'Nvill occur at ý,er,. low (M1ount and Chassis). angular motion is excited at
I requencies. about 2 Hz with a doiible amplittude in side firing, with

The principal ohýervation i' that at %ehicle speeds the suspension unlocked, of 42 mils.

of 5 mph and abose, the PSD has signiocant power at The litter frequency is consistent with our priorj
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Figure 5-66. Vehicle Response as a Function of Terrain and Vehicle Speed

produced which impair human body functions. while Experiments to determine the effect of vibration on
at frequencies above 12 cps. retinal image shift cannot operator performance with imaging sights. indicate
he analyzed by the brain because it is above the critical again that the effect of vibration can be interpreted in
flicker frequency. Physiologically. parallel insulated terms of reduction in visual acuity.' The effects can
nerve-fiber chains could translate these frequencies to therefore be expected to be most serious in those
the cerebral cortex (occiput). However, temporal sum- tracking regimes where the operator is able. in themation at the synapse is hindered by the extremely absence of vibration, to track to fractional mil
brief stimulation of the nauronal soma. These imping- accuracy.
ipg discharges do not last, at some synapses, at a peak With regard to the control manipulator. vibration I
value bevond the refractory period of the axon. plays as great a role toward error contribution as it

More specifically. data normalized to a one-g shake does at the sight-eve interface. A handle secured firmly-
More pecifaclertion swhto the mount and vibrating at the same frequency and

table peak acceleration shows the first substantial visual c
acuity decrement peak at 5 cps, with the smallest amplitude could (and is some cases does) contribute
standard deviation o- of all tests,4 The r.ext decrement error (noise) even befcre it is gripped by the human.
peak appears at 7 cps. again accompanied by a low o- Man's unsupported arm and shoulder system. on the
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other hand, is resonate at approximately 4 cps when
the energy is transmitted via hip, ,horax-abdomen.
and upper torso (Dieckman' 9 ). With the arm and hand
resting on a semi-rigid support, it is likely that they
will vibrate at frequencies closer to those which are
impressed. but with phase-dissonance, In this instance.
the vibrations of man and the control should he
damped. or less acceptably. matched with respect to
frequency, phase, and amplitude.

Isolation of the operator and the sight from Ner"
high frequency vibration can be achieved by conven-
tional soft mounts. Figure 5-67 shows the Nord Vosper
mount for installation on a motor torpedo boat.': Both
the sight (which is g~ro stabilized) and the operator.
are isolated from the hull bv shock mountings.

rhe natural frequency of a shock mount i

fn= 3.2">sl" 25.373)

where: %, = static deflection 'n inches.

Significant vibration isolation is not achieved below
about 3 Gn. A static deflection of I/4 inch would only
isolate the sight from vibration 4bove abe it 20 Hz.

5.9.4 Conclusions

The preceding indings may be interpreted in terms
of th'- requirements for sight stabilization, and isola-
tion cf the operator in a tracking mode from vibration.

Disturbances of sufficient magnitude to create track- -<
ing problems were described covering the range of
frequencies from very low frequencies (fractions of a
Hz) to as high as 50 Hz. At the very low end (under .

0.2 Hz) even the human operator can cope with them.

Since the human operator begins to degrade badl, at -

about I Hz. a stabilized sight is required to isolate the
sight motion from frequencies above about 0.5 Hz.
Even when the lo.d on the stabilization servos is light. Fiqure 5-67 The Nord Vesper Specally Oesiyned
consisting of a mirror or prism, it mas. be difficult tu Aiming Turret
achieve mechanical stabilization above 5-8 Hz. A dual
servo svstem may be considered." in which the sight
pedestal is approximately stabilized by a low-bandpass and the 50 Hz fundamental frequenct of the gun at

servo of moderate power. and the sight line is stabi- maximum firing rate. bh conventional *;hock mounting.

lized by a very highb performance servo positioning a
idimiror or prism. Ingenious approaches to reducing the A practical sstem. within the cot constraints ot

mirof ovprism.Ingepts havb en d loped, g a AFAADS. may have to accept rome degradation ininertia of moving parts have been developed. such asthe Dvnasciences fluid prism used in the XM76 stabi- manual tracking accuracy from vibration inputs at
the Dabout 10 Hz while the tr, iý. lirinu. Field firings of the

lized sight." If tracking is done by an imaging system. -

open loop electronic stabilization of the image may be Vigilante mount are now underssa\ to obtain actual
considered. Published analyses indicate that stabiliza- measurements f' gun-induced vibration at critical loca-
tion of this type can be achieved with available gyros Lions on the mouni. and , ith these ,tvailable. the
up to 200-300 Hz.` requirements on sight stabilization and vibration isola-

tion can be more precisel. defined The %er, large
In any case. the operator and the sight should be body of information no", astllahle -,n s•,tbilized 'ighi,

isolated from very high frequency vibration such as in helicopters alo need to be rciesed ssith AFAADS
that caused by the vehicle engine, power motors. etc.. objectives in mind.
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5.10 GROUND FIRE ROLE FOR AFAADS dispersion If artifical dispersion is put in by dither
Itts ~ deaied thdt AFAADS be capahle of engaging which is easy to remove, the residue can be reduced to

ground targets out to 4000 meters, as a secondary perhaps I mil. If dispersion is put in by mechanical
mission This role may he discussed in terms of targ, adjustment. it can be reduced, provided that the air
acquisition and tracking, ballistic computation. disper- threat no longer exists.
sion. and terminal effectiveness. It is doubtful, however, that AFAADS would be

Since the gun is a flat trajectory weapon, target required to engage small targets, such as vehicles, at
acquisition will be limited hM the probability that a 4000 meters often enough to make a high-hit probabil-
clear line of sight exists to the target. As many terrain ity on these rare occasions a reason for special design
studies have shown, the probability of seeing a target provisions. A better way of engaging such targets is
on the ground 4000 meters from a ground mount suggested later, I
without intervening terrain obstruction is very small, With regard to terminal effectiveness, the high-
even when the gun position has been carefully chosen velocity 37rm round can have v-rv good armor pene-
to maximize its coverage against ground targets. Occa- h g

trating capability with AP ammunition. Other ammu-sionaliv AFAADS may be called upon to deliver indi- nition options, possibly including squash head projec-rect fire but antiaircraft performance should in no way tiles should he investigated. The HE round, developedbe prejudiced for this low-effectiveness mode. for AA fire, should be effective against personnel and

The maximum range for target acquisition at night unarmored and lightly armored vehicles. However. the
by an infrared or other imaging sight is not considered provision of a mix of ammunition types with selective
to exceed about 1000 meters in the immediate ftiture,54 option needs to be considered in terms of the effect on
and 4000 meters may not be achieved within the next the gun loading and belting. In view of the limited on-
decade. mount ammunition storage capability of any high rate

,however, that by day targets may be of fire weapon, it would probably be undesirable, from
Assuingan overall mission viewpoint, to load anything but HE

acquired occasionally at 4000 meters, the accuracy to ammunition unless the antiaircraft role is completely
which ballistics need to be computed is strongly influ- inactive because of the complete absence of enemy
enced by the mininum dispersion which can be
achieved wih the gun. Two and one-half mils at 4000 aircraf..
meters correspond to 10 meters in dispersion. on a The possible tactics for the employment of AFAADS
vertical plane. at the target. Because of the flat trajec- in a ground to ground role need to be developed.6 The
tory, there is much greater dispersion in the range current two options (3000 rpm or 120 rpm with fixed
pattern of ground impacts against a horizontal target. burst size of 48 rounds) may not provide sufficient

Pfeilsticker 5 has indicated that against a 'standard' flexibility. A wider range of burst sizes, such as those
7-1/2 hv 7-1/2 ft tank target, a dispersion of 10 provided for the 20mm Vulcan weapon. would proba-
meters would degrade performance, for a burst of 60 blv ne preferred. For example. a very small burst
rounds, unless the systematic error during the burst option of six rounds or even single shot fire could
was considerably in excess of 10 meters. Systematic satisfy certain circumstances that do not require a large
error is always bad, of course, but its effect can be expenditure of rounds. With its fire on the move
reduced by optimum dispersion. capability. AFAADS. while accompaning a column.

could provide effective suppressive fire, but the limitedSince we propose that AFAADS include corrections on-board supply of ammunition would make this most
for wind, muzzle velocity, and other ballistic parame- effective if fire could be maintained for longer time
ters. and since ground to ground firing would be done periods with shorter bursts.
with the assitance of the laser range finder, we would
expect that the principal contribution of the ballistic The development of ground-based laser target desig-
solution to systematic error in miss distance in ground nators for accurate weapons delivered by aircraft.
to ground fire, would be in the computation of superel- helicopters, or remotely from launchers at the rear
evation. There should be no problem in holding this suggests that a laser designator should he considered
error to less than a mil in the ground to ground mode for AFAADS. so that it could obtain effective support
at 4900 meters. when threatened by enemy armor. Although early laser

It seems likely therefore, that the accuracy of nallis- range finders for use against ground targets operated
tic computation for the surface to air role will satisfy typically at 0.2 pulses per second, the antiaircraft
the ground to ground role, provided that the maximum application will require about 10 pulses per second.

This is consistent with the requirement of a target
range of the computation extends at least to 4000 designator for which the PPS requirement is set by the
meters.

sensor and control characteristics. It may be feasible
The limiting influence on the hit probability against therefore, to combine the ranging and target designa-

a small target at 4000 meters would then be the gun tion features in the AFAADS laser.
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To engage ground targets out to 400t1) meters. mag- WiicrC

nilication in the sight optics is probably required. II e U I I c

In general, however, no serious additional difficulties
are expec'ed to he imposed on the AFAADS design hb A = Ole ,vailabilit) wctor

the requirement to engage grond targets 1) = the depuiidabflitt matrix
=C the capability matrix

F 5.11 RELIABILITY

System reliability, as \Nell as the reliahihi', of its C1 = the valIue o( '11h k tII lilt'1 olIT mrit
components are inputs to the overall evaluati n of
system effectiveness and life cycle cost. In the case of al = ptobabilit\ In" Nýtent is -n tile i at tile be-

- onninu ,f i mission. A mission Mi211( be de-
effectiveness. reliabilit' affects both the probability that

fined as bcginning with tie appc-ltancc tt a!
the svstem wili he in an operable condition when tie he %ppealaliC Oaej[i,21m aircaft al th, i sll•, lacice solullle of

required to engage an encf,',. and the probability that
it will function properly during the engagement. In the
case of life cycle costing, reliahility affects the mainte- = probabilt_ that the elfective state o| the ',s

nance and spares requirements. tern during the mission is j. given thaK it be.an
:.;e n 1Sion II state I.

At this stage in AFAADS sstem definition, a de-
tailed numerical evaluation of the elements of the k :alue of t ae k ti ticuic ot tciit insci that th,
effectiveness matrices would not be justified, since the

specific components to he eventually utilized are too ill- State transition probabilities can he estimated from
defined to allowA good estimates of probable reliability, the reliability estimates of the components defining
This section is therefore confined to outlining the each state. The distribution of maintenance times has

elements to be considered in the reliability evaluation ,epeatedly been demonstrated to he log-normal, which

as the program goes forward. calls for computer simulation to solve the problem.
Reliability is often included in the effectiveness However. if as a first approximation all distributions

are assumed to he Poisson. analytic solutions are
computation by the symbology developed by the s

Weapon Systems Effectiveness Advisory Committee
(WSEIAC).5" in the 'availability' and 'dependabilit\' As a very simple example of the availability compu-

matrices of the expression: tation under this asumption. consider availability if
AFAADS is either operational or non-operational. Let

E = A' [D] [C] 15.3"41 the failure rate X he random with time. and the repair
rate (inverse of the mean time to repair) beh . Then

The elements of reliability are defined as follows: the s,,stem availahility A at an arhitraril, chosen point
in time is:

a. System Effectiveness is "a measure of the extent to A = -- 5
which a system may be expected to achieve a set

of specific mission requirements and is a func- Ieqii.aleitt.
tion of availahility, dependability and capability.' = \ll JR (\ITBIF - \l 1IR .3-t

b. Availabilitv is *a measure of the system condition ,here

at the start of a mission and is a function of the MTBF = Mean time between malfunctions
relationships among hardware, personnel and M1TR Mean time to restore to operating
procedures.' condition

c. Dependability is 'a measure of the system at one The availabilit\. dependabtlit\. and effectiveness ma-

or more points during the mission. given the trices including a dictrihution function ior the engage-

system condition at the start of the mission. ment of targets) can ail he combined in a simulation.
However. the fact that the time occupied in engaging

d. Capabihitr is 'a measure of the abilit\ of a system targets vill be ver,. small, compared Aith total time
to achieve the mission objectives, given its state during which the system is active in modes ranging

durinL the mission.' from shutdown to simple sureillance. suggests that no
loss in realism will he incurred h, computing the

The elements: E A D C of Equation (5.374). are availabilit\. dependahilit. ind effectiveness mitrices
defined as follows: separateli. and then multiplying them out
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It. .i firt .ipprrxm.stion. taltc trans•:,n, in the Available reliability information on radars needs to
aadilait cim .itwn Lan hc tepreented a, a he reinterpreted in view of the environment created by
\1.irkom prKc,,. it._ vehicle movcent on rough roads, and the shock and

d.,= [ vibration caused by gunfire. I
%. here B is the matrix of %tale tranition probahilities. It is possible that the relatively small physical di-

We are usually intcrested in the stead, state values mensions of K-band radars will aid in obtaining high

\%lhen ti-X dt = 0* and 'hese are obtainedh} ,olving. operational reliahilitv of the mechanical components,

I A 0 3S t The effectiveness evaluation is expected io show a
considerable pasoff to AFAADS by the use of on-
carriage radar. Aside from questions of cost-effective-

The system. states prior to target engagement, can be ness. the system will he satisfactory in the field only if

categorized as follows:; it imposes a minimum maintenance burden on the
already excessive maintenance effort of a modern field

a. Ss stem fully operational Army. This objective can be achieved only by high

h. System able to engage targets in degraded mode. intrinsic reliability

c. System inoperative, waiting for spares. Reliability information on laser range finders is not
yet available, although some of the factors to be con-

. System inoperative. under repair sidered have been indicated in the literature."
e System down for preventive maintenance. The reliability of field-qualified digital computers

Each of these categories can be further subdivided, has become so high that this type of computer is
For example, since AFAADS will be able to operate in expected to be a low failure rate item. However. this is
a number of degraded modes (in fair weather without not necessarily true of the analog equipment which
radar tracking, with range estimation, or with all fire couples the computer outputs to the gun.
control computations inoperative but with estimated Since engagements are short, the entries in the 'de-
leads), a complete effectiveness computation would pendability' matrix would be expected to be close to
include the detailed specification of the availability unity. The principal factor, causing an abor; during anmatrix, in terms of the probability that each mode of engagement. would probably be a gun malfunction.

operation is available, when AFAADS is called upon Since this would ordinarily require a relatively short
to engage a target. time to clear, the gun would be ready almost at once

Since the availability computation includes both for the next engagement. The stoppage rate for the
failure rates and repair rates, one needs to make Vulcan 20mm has been indicated to be oniv one in
estimates of the kinds of maintenance that can be 25.000 rounds.
performed at various organizational levels, what com- Because the capability matrix involves measures of
ponents are repaired, and what components are dis- effectiveness of the system, it would more properly be
carded and replaced. etc. This is required in order to discussed under system effectiveness. However. it may
determine the probabilities that the system will be be noted here that the method allowi several figures of
operational or down in each of its possible modes. The merit or measures of effectiveness to s e v carried
techniques for doing this are all well known and can through simultaneously. For example. one might be
be applied as concept definition proceed interested in bch'.l the probability tha, Jie taicei air-

The life cycle cost implications of maintainability craft is destroyed before it can drop its bombs, and mie
and reliability are important in making design trade- probability that the target aircraft receives damage
offs. For example: for some of the older radars, main- that will prevent its return to base or cause it to go
tenance cost per year equalled the procurement cost of down for extended repairs. If judgments can be made
the equipment.6 ' Since the mean time between failure as to the relative values of these possible events on an
was only about 250 hours, and the mean time to repair overall combat effectiveness basis. the effectiveness
was about 5 hours, an availability value of 0.98 was matrix can be multiplied by the military value matrix
yielded, to obtain an overall effectiveness number.

However. in the case of a radar (AN/TPS-39(V)) The figures of merit can be extended to describe
designed for high reliabilito- a mean time between individually !he effectiveness of the system under each
failure of 6000 hours was achieved.6' This set is admit- of a number of operational conditions, such as day.
tedly simpler than a precise tracking radar, however, night. had weather, whether the enemy uses ECM. the
the MTTF is notable. It resulted from early attention category of the enemy flight path. etc. Again using
to possible reliability problems. and the allocation of 3 judgment supported by analysis, if the relative proba-
percent ol the program cost specifically to improve bilities of the operational parameters are estimated, the
reliability, expected effectiveness of the overall system can be
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computed- Such an average should, however. he under- Even with smooth tracking. a large circle would
taken with caution. since the relative prohabilities of indicate evasive action hy the target, reducing the
some of these states are under the control of the likelihood of a hit The pulsing of circle size as a
enemy If antiaircraft effectiveness by day is very big: function of the tracking noise Aould he a sensitive
the enemy can he expected to shift the weight of his measure of how smoothly tracking %a heing
attacks to night. for example. It is probably better to accomplished.
list the system effectiveness for each set of environ- the target size might he made propor-i.mental and operational parameters. and make judg- Aternaely to heaue target seoite Aight ain. puligcrcle
mental decisions at that point- inlt esrdtre eoi,.Aan uigcrl

size Aould indicate tracking roughness, and a slow
5.12 FIRING DOCTRINE chance in size Aould indicate target acceleration.

With the T250 37mm Gatling Gun in its present Cease lire should probahl\ he a positive indication.
configuration, the gunner has only t-wo options with when the target pasve, out of range, such as a large X
regard to rate of fire (3000 rpm and 120 rpm). and displayed acros, the indicator, rather than the simple
apparently only one option as to hurst size (48 rounds). vanishing of the indicator.
At the 300( rpm rate of tire his ammunition load will What should he displaed, where in the sight fold
be expended in three one-second bursts, after which
the mount must be reloaded. At the low rate of 120 the indication should appear, and in general. the hu-
rpn. a "burst' of 48 rounds would extend over 24 man factors aspects of the process ,,ould need to he

seconds. As noted earlier. considerably more flexibility worked out and tested in the laboratory.
F in choosing the number of rounds per burst has been Mr. S. Olson has suggested that the computer might

provided for the 20 mm Vulcan Galling Gun. There is be considered as a means for recommending or auto-
no reason to suppose that this cannot be done with matically selecting firing points. rate of fire. and burst
Vigilante. if determined to be desirable, duration. This possibility needs to he analyzed to a

STo minimize lost time while the operator is deciding �reater depth than is possible here. Since target speed.

what option to use, however, the number of options rangeI and heading with respect to the gun are closely
should be kept as small as is consistent with the best related to the length of time the target is likely to

remain within the field of fire. they may be used in a
u efiring doctrine algorithm. Against a passing target. it is

In addition, the operator must be provided with probably desirable, and could be confirmed by simula-
some indication of when to fire. A perennial problem lion runs. to fire all available rounds before the target
with high rate of fire antiaircraft weapons has been the reaches the path midpoint. At the same time, to con-
tendency of the gunner to open fire too soon and serve ammunition for use against other targets which
exhaust his ammunition before the target comes within may be involved in the same attack, burst spacing
the effective range of the gun. A less obvious problem suflicient to identif- possible kills between burstsis that of firing before the tracking has been 'smooth' would be desirable.

for long enough to allow the computer to generate a The presence of 'aim wander' makes the coocentra-
good prediction. lion of fire in three spaced bursts less efficient. all other

How much information can be provided the gunner factors being equal. than the same number of rounds
for guidance in when to fire depends on whether he is equally spaced over the ,ame total interval. This is
actually tracking the target. or whether he is monitor- particularly true against terrain follosing aircraft:
ing the system while tracking is automatic via radar or where :'e slow, deviationý of aim error. caused by the
other sensor. In the former case he should he distracted contour following of the target. will be of substantial
as little as possible from his tracking function. magnitude.

A minimum 'open fire' indicator could be a symbol These considerations suggest that the rate of fire
projected on the sight reticle which indicated that: options of the gun need to be considered in more
(I) the target was within effective range. and detail with the aid of the simulation.
(1) sensors were locked on. In the case of visua: track-
ing. the only sensor involved would be the ranging For an incoming target aircraft preparing for. or

device. The sensor lock-on might be indicated by the engaged in an attack on a ground target, additional
of a cross: the in-range indication considerations are involed. Considering dive or glideappearance might bombing. to be specific. the accurac% of homb deliver\

be bv a circle enclosing the eross, increases as the release range decreases. The higher the

To indicate the state of the lead solution, the size of accuracy, the fewer aircraft sorties need to be laid on
the circle might be made proportional to the measured in order to destroy the ground target (il the aircraft
target acceleration. This would be very large before the survives). If the antiaircralt gun opens at o 1on- range
computer settled, since the measurement would contain it has a lower prohabilit\ oi killing the target with
transient errors. limited ammunition than if it holds lire to a shorter
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range lhe airplane countcr-. ths bh' releasing its to account properly for noise autocorrelation and gen-
bomb,, at longer range Thi, is a rather straightforward metric cross-correlations of tracking errors. Some re-
problem m game theor,-y Time ha, prevented a solu- suits obtained in the deterministic mode are presented
tion from being presented here. It is conlectured that first, and then the Monte-Carlo mode is discussed in
the 'game' solution will be for the attacking aircraft to greater detail, and the results obtained with i, are
choose it, drop range from a probabilit, distrihution presented
(normal pilot to pilot variation in performance ma,, 5,13.1 No-Noise Runs to Determine Systematic
roughly equt-alent), while the gun distributes its fire
over a range interval The solution will depend on the
relative value, assumed for the aircraft and the target Initial exploratory runs were made to compare the
it is attacking. systematic errors resulting from target maneuvers with

': e different prediction algorithms. Tracking noise and
The realism of a solution obtained by game theory u.spersion were set at zero so that systematic error

may he slight. but the insight gained in considering could he observed directly.
this interaction between firing doctrine for the gun and
the ahilit- of the aircraft to destrov the ground target The horizontal proJection of the target path (Path
in conjunction with its own surival prcbahility. will No. I). with time marks and a plot of altitude versus
be important in understanding what firing doctrine to time, are shown in Figure 5-68.
recommend. The aircraft approaches a target on the ground at

Basic to the recommendation of a firing doctrine is a low altitude and about 450 knots. On sighting the

knowledge of the probable system effectiveness against target it pulls up in a climbing turn, losing some
various target types, paths, and in various operational velocity in the climb. The aircraft, while still turning.

modes. This knowledge can be obtained from more levels out at about 1500 meters, and then makes a

extensive simulation runs than have been possible sharp diving turn which puts it on a straight line

within the duration of the present contract. attack pass at the target. It accelerates in the dive.
releases its weapons, and then makes a very high

5.13 SIMULATION RESULTS g-pullup and turn, and departs.

Total path length is about 100 seconds. Very little of
This section presents the results of simulation runs the curved flight segments are at a constant turn rate.to compare the effects of prediction modes. tracking so as not to bias the answer in favor of a quadratic

errors, ballistics, lags in the sensors and gun. disper- predictor.
sion. target paths, and maneuvers on system effective-
ness. A number of sensitivity runs were made to The gun is on the vertical axis. 1500 meters from the
determine the effect of changes in input parameters on ground target.
system effectiveness. Runs were also made to test and
demonstrate the functioning of the decision algorithms The system elements that were simulated include the
for s-witching prediction modes. and to determine the following:
effects of varying the decision thresholds. a. Tracking error was taken as zero.

The design of the simulation is described in Volume h. Rates and accelerations were measured b% 2- and I
if T: .- AF A• rs ýv,,:n %& , r,, to a r ,i.' . . ! wl ith an t, -,, econd bas•.
detail which was considered to offer the best balance, c. Prediction modes were
within the scope of the present contract, between
simulation complexity and the obtaining of useful I ) Rate by time. Azimuth. elevation, and range
results regarding the most important system were simply computed by multiplying rate of I
parameters change by time of flight and adding to pre-

The modular construction of the simulation program sent position-

allows progressive increments of realism to be added (C) Linear. A constant velocity extrapolation

in the future without complete reprogramming. As a from present position.

consequence of this modular construction. it was found (3) Linear plus energy. Acceleration along the
t,, he possible, even within the course of the present flight path was computed from exchange of I
contract, to add capability and define elements of the potential for kinetic energy and vice versa.

system to greater detail when these were found to be of This along-flight path correction was added
particular interest. to the basic linear prediction.

The simulation can be run in a deterministic mode (4) Quadratic. This was based on the assumption
to determinc the miss distances resulting from servo of a constant turn rate. hence it is *quadratic'
lags and target maneuvers: or in a \1onte-Cari- mode in one dimension onlv. in order to minimize
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b et I hetter halliti. oefilcient ihan sho, in here as

. Balllttcs 3. the net effic, eing t•, 4h it,o Balhstics 3.

that n(o charinc, were made in '1" for the simulation

run%.

- The simulation was also Instructed to 'cease tire'
whien proiecutles dropped to sonic \veloejit so that the

, simple posser-las, approximation to d.celeration could
' 1he used for time ot flight.

T ME SE¢3".2

CAL •A::5 CT The rn.s 111,s distances, (in meters) are compared
with Ballistics I for the \,jrious prediction modes in
Figure 5-71. rThe lollowing conclusions are drawn:

,46 -.5' 5E 1. a. The rite h% time solution is unacceptahle.

44." h Linear predictton is relatively poor over the
whole course, except For the straight line dive
"where it is impaired hv the target acceleration

7 -along the flight path.

c. Linear prediction plus energv is excellent on the

stra ight line dive.

d. Quadrati, plus energ. is excellent over much of
the curved pattern as well as the straight line
dive.

1 - -4 j A comparison of ballistics generates similarly shaped
_E~s ;curves, hut with a moderate reduction in s.sternatic

error as the ballistics are improved. The principal effect
"is that. with Ballistics 3. the range at which shell
velocit\ drops to sonic velocity includes the whole
course. There is in fact a 5-second inter\.tl from 51-56
seconds where the svstematic error with the quadratic

algorithm drops to under 5 meters.

Figure 5-' I show ý systematic error in meters. If the
same plot were reproduced in mils. it would he found
that the linear-prediction systematic error, after the
6-second time point, has a minimum value during the

divino segment of about 5 mils.

As a quick summary o: the results obtained in these
- runs, the total time, that the error was less than 15

Figure 5-68. Simulation Flight - Path No 1 meter, for each option, was ,timmed ind i- presented
in Table \-6.

the degradation from tracking noise when the The flight path is not a difficult one in te ms of
latter is included. target accelerations. However. it is considered to he a

realistic one. It was concluded at this point, therefore.
(5) Quadratic plus energi. that the rate-times-time prediction option should he

In accordance with the objective of emphasizing dropped from further consideration, and the other
those functions most likely to affect systerm perform- four prediction option, retained.
ance and postponing the introduction of those which
would have a secondary effect but would increase 5.13.2 Simulation with Tracking Noise
running time and complexity of the simulation. only No simple analbtic kohtion ,a,, fouind in the proh-
time of flight was generated in the simulator, hut not lem of accounting for the autoiorrelation in time of
superelevation. Three sets of ballistics were used. and aim w.ander error produced h,ý correlated tracking
these are shown in terms of time of flight (Figure errors. additionally correlated h%. the smoothing opera-
5-69) and remaining velocitN (Figure 5-70). The most tion. or for the cross corrclation- among coordinates
recent ballistic information received from Frankford introduced hb the geometry ot the prediction problem.
Arsenal. indicates the possibility of providing Vigilante Such a solution would have allowed the simulation to
ballistics with 3600 fps muzzle velocity but with a he run in a deterministic mode.
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Figure 5-69. Time of Flight Ballistics Used on Simulation Figure 5-70. Remaining Velocity Ballistics Used on

Simulation

It was therefore decided to use a Monte Carlo mode. and probabilities of kill in bursts of a specified dura-

in which tracking errors were generated with variance tion and number of rounds. Averages were taken over

and autocorrelation, appropriate to the sampling inter- a number of replications with different tracking noise
val. The probability density. function af the generated samples. A summary of the statistics %kas printed out

.sequence has zero mean. To simulate radar tracking. by the computer.
the variance in (meters)' at the target w,,as held con-
stant over each set of runs in accordance with the In the case of the single-shot probhabilit-v, the corn-

puted values wkcre s•ummcd over each course and multi-
', ~~findings of Section 4.2. The servomechanism lag of the plehvheitrabtwnsmps ooana

Ssensor and gun were introduced explicitly as functions measure designated "kill-seconds.'
of' angular rates and a(CL~erations. Co'nsidering ther
uncertainties in how to represent manual tracking The significance of these three measure,; is a.,i

errors a,, a function of range. angular velocity etc.. the follows:4
•aemodel with appropriate variances, autocorrela-

tions, and lag coefficients might he assumed to repre- The distribution of miss distances is self explana-

sent the man- Howe,,er. the man in the tracking func- tory. It is not affected hy, dizpersion or vulnerability.

tion wa,,ý ilso explicitly simulated by a program used in dr.•l shows at once how often the projectile passed
a separate series of runs. The explicit simulation of the

1manl as,,ulled. in agreement wi•th so~me of [ihe findingv, The kill-seconds computed ovei the course is essen-

reported in Section-.1.3. that the noise component of tiallv a weighted average of the miss distances;
the man's, trac.king error increases with the amount of weighted in the same way as the probability of kill

lag in his response, in addition to having a constant function. It has the physical significance that if a Punbase component. fired at a constant rate over the flight path, the ilt-I

For ll un%,mis disancci wre btaied s a seconds could be multiplied by rate of fire, and the
For ll uns mi,, istnces wee o taied • a targ~et survival probability for tlliat run obtained as:function (if time These miss distances Us ere then con- 5 R i V

vetted wa the reomputr to usne-shot kill mode a probabilities. o killte in hIsc) X alspecife d I

inwihtakn ro5-ee9nrtdwthvrac inadnuh0o ons vrae eetknoe
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Table V-6. Summary of the Time the Systematic Error was Less than 15 Meters
llallistic.•

No. I NNo. 2 No, 3
Prediction Mode (see) (%cd) (see)

Rate % rame 0
;.incar 14 2 24
Linear + Energy 24
Quadratic 28 48
Quadratic + I+nergy 32

NOTE: Symbol ) memas no runs were made for that case.
00678-577

To average over replications. this value should be Assumptions:
averaged over the distribution of (kill-see) obtained in Circular target
the replications. This takes account of aim-wander Circular normal shot pattern
properly.

Notation:
The number of possible bursts with kills above some a = target vulnerable radius ( e

specified index is intended to include the effect of aim ab (metrs) 2
wander in specific bursts. It represents the number of A a target vulnerable area, = ira2, (meters). --

opportunities to get burst kill probabilities above the D z slant range in meters/1000.
specified levels, a = standard deviation of dispersion pattern (mils).

Since at this stage we are interested in narrowing Rm = miss distance (closest approach) from simulation
down system options (prediction. smoothing, (meters). (This is for the trajectory without dis.
ballistics . . .) we have not included firing doctrine. persion, and is computed at intervals A.)
The course with the most opportunities to fire bursts Ts = duration of fire.
with high kill probabilities should be the best for that
length of burst when combined with a firing doctrine. m = number of simulation points in Ts.
Similar conclusions can he drawn from kill-seconds in P.. = single shot probability.
the case of continuous fire. 1.

where:
A flow diagram or how to get from the present

measures to system recommendations, including firing Rill

doctrine and system effectiveness, is shown in a- a-+2,(D) (580
Figure 5-72. Pss c ki al s a prob (5.380), :1 + 2 (OD)- 1

The algorithms for computing kill-seconds and prob- Then the average pss over m points = ps = p
ability of target kill with a burst are developed below. m In
Of the two approximations shown, the lirst assumes a (5.381)
circular target and circular normal dispersion pattern. Let:
The second approximation assumes an ellipsoidal tar- n = tmber of shots in T, (assumed uniformly spaced).

get. and ellipsoidal dispersion pattern. It is relatively E = expected number of killing hits in burst.
easy to introduce the second approximation (and fur-
ther improvements beyond it) into the simulation, but probability target survives. I
with limited time it was decided that the first approxi- K = probability larget is ki!!cd by a burst of n shots of
mation would he satisfactory to reveal the effects or duration T.,
parametric variations of interest at this stage of system I
delinition. Then:

The first approximation includes the following: E = n Pss (5.382)
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Figure 5-72. Flow Diagram Depicting Use rt Simulation to Optimize System

om t (4v.383) the flight direction as projected on a plane. perpndic-
ulsr to the trajectory and containiing the point of

K A m=(5384. closest approach.

and finally kill seconds is computed as: In this plane. take axes u. v: where v is perpendicu-

Eo p r uar to flight direction. R=1 resolves into components L.

KS = I PSS (53N587)

The target velocity vector makes an aingle with this
plane.

The summation is over the whole flight path, Both T
the average of KS and its standard deviation ar
computed over the set of replications. Projected into the L. V plane. the ellipsoid has

The second approximation (for future use) includes: dimensions (max and min radii)

Assumptions: av Z SH 2(536

Ellipsoidal target i 1.2
Ellipsoidal shot pattern Iu=(12 SI +(L SHl~s 60 45.387)

This is an improvement because the head-on area of
a target is 1) sercent or less of the side on area. We
tgnore the wings in this approximation because they 02(.38
are less vulnerahle to 37mm fire than the fuselage'.
Muzzle velocity dispersion is approximated by the
spreading of the shot pattern along the direction of
Rlight. The components oi gun..ammo dispersion arc (in

mils):
It is necessary to resolve the miss distance of closest

approach into components along, and perpendicular to. tU 6 - o. 1 - L:Vs- , 5.389)
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Let a Standard deviation.

azimuth: 5 meters
o = constant for all puiotb elevation: 0.6 meter

v = target velocity range: 5 meters
noise autocorrelation time: 0.2 sec

Vo = muzle velocity
b. Target vulnerable radius: I meter.Vil : a parameter with dimecnsionis of Velocity,

constant over the course c. Target speed. 310 meters/see.

then: d, Target altitude- 250 meters.

c. Target minimum horizontal range: 200 meters.
am = (VmV/Vo 2) (5.390) Three sets of ballistics were used:

Since o-., is an approximation to the combined ef- a. Present Vigilante (No. I

fects of all random noise sources affecting dispersion b. Improved Vigilante (No. 2)
in the direction of flight, it will be a constant for each c. 'Best' Vigilante (No. 3).
course at this lcvel of approximation. Three smoothing times were used: 0.4. 1.8. and 3.6

The expression for p,, is now: seconds. Smoothing was accomplished by least squares
-V- weighting in position, rate, and (where used) accelera-

aU".to 2 Di a%,,aoND,2 tion for the target turn prediction mode.

410 -Although gun dispersion was normally 4 mils, a
<.w1  sensitivity run was made varying dispersion.

The statistical summaries with this approximation A sensitivity run was also made with all input errors
would be identical with those used for the first-order multiplied by 0.4 (as estimated to be possible with a
approximation. frequency diverse radar).

A typical summary print out from the computer is Runs were also made with gun and sensor lag. and
shown in Figure 5-73. The same statistics are also with both corrected by a regeneration algorithm. Lag

printed out for each replication, coefficients were:

5.13.3 Simulator Resulta on Pass Path (Path a. Sensor: K. - 500 sec'. K. - 90 sec'.

No. 2) b. Gun K, - 250 sec', K. - 50sec2.

This is the simplest path from the point of view of The three measures (kill-seconds. number of samples
prediction, since the target is unaccelerated. However. within 2 meters, and number of bursts with
the target speed and path position were taken as those K GRK8 0.20) are compared for combinations of
specified by the Army to stress the system most se- ballistics and smoothing times in Tables V-7. V-8. and
verely with regard to angular velocities and V-9.
accelerations. On this course, which passes very close to the gun. I

Inputs were intended to he characteristic of radar most of the effectiveness is gained at fractional-second
tracking. They are as follows: times or flight, With the longer smoothing times, the

I
•l ,,jj•t- p(KIL!.) rx 'rF'Pr /

!1

f ;l Fgue5 ' 5F TplS my, PrintFOt•

i•I~ o"G' LFor', TiW A':ll

F'• r , 0O r'.'
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Figure 5-73 Typical Summary Print OutI
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Table V-7. Comparison of Smoothing Times and Ballistics by 'Kill-Seconds Measure

Smoothing IJ2

0.4 e, 0 2473 , 2'29 3.294'

1008721 (190 0h55 11)08911

1.8 eco 0.2866 -3 ;31 4 3110,

0.0555) Us'91 (I.060 i

3 6 cec 0.4363 9.4390 - ",

;0.1989) If) l 'Y& -0 -19431

No trjcking noise. 0 8632 oA.5612

gun dispersion only0 to) Ii!

"The numbers in pucnnthese, dre the standard desialions of ith

ki l.ccond a.ierige aicross nine replications.

,)1i16 -,,s.5 9

Table V-B. Comparison of Smoothing Times and Ballistics by 'Number of Samples Within 2 Meters Measure

Smoothing 1 - 3

O.4 sec 10 12 14

i.8 we 19 24

3.6 see 36 40 40

\n tracking I
error

noise is fairly well smoothed, so that onl i small Smoothing was done hy least squares. finite memory.
improvement results from improving the ballistics. whic' . as was shown in Section 5.4 is close to optimum
This is also to be expected since there arf no target for this case For a noise autocorrelation of 0.20 sec.
maneuvers. When prediction is excellent, there is no Table V-10 shows the variance ratios for optimum
payoff in shortening the time of flight. sn,-- ,ng in each derivative fo: the three smoothing

The distribution of miss distances for present Vigi- times used on the simulation: i.e. (o-.,o>r V. where o-,
lante ballistics is shown as a function of smoothing is the variance of input noise and a- is the variance in
time in Figure 5.74. To interpret these curves it is the measured derivative.
interesting to look at the variance in the position
derivatives expected from the one-coordinate curves The short times of flight on this path and the rela-
presented earlier in this report. tively large position errors assumed depress the effect
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Table V-9 Comparison of Smoothing Times and Ballistics by 'Number of Bursts with K > 0.20' Measure

Smoothing I 2

0.4 c. 9 iI II

1 , 1-1 13 13

3.6 wc Ih 16 16

No trdckln2 18
e~rror

0067H-581

Io r*8$0 - "I

!4C

S YOO I-%ý, ,TIME 6

'2C

NZ " S" 'E • A�. .S,'M iss $O.STA%CE ' O00/"

40

0 5 !C 200

Figure 5-74. Effttct o' Smoothing Time on Distributon of Miss Distances for BFilistics No. 1

of variance in, velocity in the case of the shortest errors. in the complete AFAADS system, to less than 2

I I

smoothing time shown in Table V-10. mils rms.

The effect of va:ying gun dispersion was determined All of the runs to this point assumed that there is no
for Smoothing No. 2 (1.8 sec) and for present Vigi- lag introduced by the sensor or gun servomechanisms.
lante b lizticF. Trial iuns with Smoothing No. 2 and Since this ,.'urse is intended to stress the angular
the 9 r.-ph,:ations indicated that the effect was fully following ability of the system most severely, the lags
shown by I replications, hence this number was used. were introduced according to the K,. K. algorithms.
Table V-I I shows the results. Both the kill-second and and then the approximate regeneration algorithm de-
burst measures degrade smoothly as dispersion is in- scribed earlier was applied. The results, shown in Table
creased from 2 mils. An optimum might have been V-12. present a comparison between the lag and the

found for still smaller dispersions. but it was felt that no-lag case. These runs were with Ballistics 3 and 1.8
it would ',, difficult to hold the random round to round second smoothing. For the K values assumed, lag

5-96 I



F Table V-10. Variance Ratios for Optimum Smoothing of Position, Velocity, and Acceleration

1I______________________ Si1n1oIlhllilg T iii',t'

QuantilN Smnoothd 0.4 sec L.S wL I P,

Poition 0.50 0.18 01•I

Velocit% t0.8 1144 0.092

.\c,.ehralion o520 6I '

Table V-1 1. Effect of Dispersion Based oo 2 Replications, Smoothing No 2 (1.8 sec) and Ballistics No. 1

-NtribCl r 0I lliilh.r o[
07 Sampic, litr,I,

4lnik) Kilt-Se < 2 Meters" V%(Fi K .li -'_1

0.498- 20 19

3 0.3693 20

4 0 2893 2i3 1

5 0.2334 20 I•

6 0.1922 20 It

8 0.1364 20

10 0.1011 21-

is 0.0550 2u 4

-Thc.c entrir, indepcndent of gun dI•scr•ion.

degraded the kill-second and miss distance measures results that with radar tracking. tight servo,, of the best

badly, but not the index of number of I-second bursts design would obviate the need for regeneration.

with K > 0.20. The reason is probably that the inter- As we show in later runs. the man ssitli K. no better

val. over which lag error is large, occupies only 1-2 than about 10 se- is another matter. and cannot he
seconds near the midpoint of the course. Since the K expected to function satisfactorily without regenerative
index is rournded to integers, fine detail is lost. The aids

regeneration algorithm recovered almost all of the lost There is no expected adsantatg in using quadratic

effectiveness; in fact K rounded to one integer higher prediction against an unaccelerated target. but it is of
than without lag. If it were not for the advantages of some interest to determine how bad]% the additional
regenerative tracking in maintaining track when the noise amplification would iffect the %%stem perform-
target is obscured, one might argue from the preceding ance if quadratic prediction Aere ,,ed continuoul,
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Table V-12 Effect of Lag and Regeneration Based on 9 Replications. Smoothing No 2 (1.8 sec) and

Ballistics No. 3

Nuinber of Number of

•JIllplcs Ittur, 1,

Kill-Sec < 2 Neter,• with K >0 20

S\ .'e 03113 24 13

'0 06081*

%%t! lig 0.1849 1S 12

;00351)

N, ith I.e ,nd 0 2769 21 14
rcg,++" i t Jion

(0,0507)

rhl nuinbvrý in parenthesw ire the standird devidtions

of ihe ksll-,cýond average a,;ro~i scien replicationi

00O674-585

Table V-13 compares both the linear and the quadratic function of time is shown in Figure 5-76. The path
predictions on this straight line course. Performance was constructed from the pop-up maneuver combined
degradation is significant, but not excessive, again, with the attack segment of Path No. I. Target speed
probably because of the relatively short times of flight varied from a maximum of 234 meters/sec in the run-
associated with the most important segment of the up. to a minimum of 150 meters/sec as the airplane
course. lost velocity in the climb. (See Figure 5.77.) The

Finally, to observe the effects of reduction of track- airplane gained about 50 meters in the dive.

ing noise, the shortest smoothing time of 0.4 seconds 5.13.4.1 Comparison of Prediction Algorithms
was run with two sets of ballistics and with each of the and BallIstics
input noise standard deviations multiplied by 0.40. The prediction algorithms compared were:This reduction by a factor or 2.5 was considered
possibly attainable with a frequency diverse radar. a. Linear.

As shown in Table V.14, a very large improvement b. Linear and Energy Correction.
in the effectiveness results was achieved by all mea-
sures used. In fact, with this accuracy of tracking. the c. Quadratic (horizontal turn).

0.40-second smoothing was as good as the 3.6-second d. Quadratic plus energy correction.
smoothing with the larger errors. The payoff from e. Defense against attack on a known point.
improved tracking can thus he taken in high kill
probability when the system has settled, or in quicker Since prior runs had shown Ballistics No. 2 to he
settling and increased firing time. always intermediate between No. I and No, 3 (the
5.13.4 Simulator Results on Attack PIth (Path present' and the -best' Vigilante ballistics respectively).

No. 3) only these two sets were retained. These runs were
made with Smoothing No. 2 (I .6 sec), Table V-15

Path No. 3 consists of a pop-up from 200 meters to shows results for 9 replications of each case, The I
1700 meters. a turn, an accelerated dive at a ground energy correction improved each algorithm with which

target, and a pullout. The horizontal projection of the it was used. It is incorporated in the defense of it
course is shown in Figure 5.75. The altitude as a known point algorithm as well. The most effective

I-
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Table V-13. Comparison of Linear and Quadratic Prediction Based on: 9 Replications and Smoothing No 2
(1 .8 sec)

Nurmher ot f Numhelr oI

Predic tiol S.111C ' I lurirlI

Mode: KilI-Se,: 2 MWter, willi K -. 0 20

{Linear 0.2h66 19 12

40.05551,

Hjlhst1:'s No. I

Quadratic 0.2450 I 2 1')

, 0.04921

L.inear 0.3113 24 I

iO.008)

HlilIific, %o 3{Qarici 53

0u.drali. 02800 1b II
'0.0593)

"The number, in parenthec., are the ,tandard deviations.
of the kill.•wcond a%,erage acrois ninc rcplications.

Table V-14. Effect of Improved Tracking Based on- Smoothing No. 1 (1.8 sec) and a Gun Dispersion of 4
mils

Standard IDvijlion
il I racking I rr,,r,, ( ete.rO V,.l1lber ,I •nl.r,,

B~allIith Azlimuth'I 1:lVaion Range Kill-Sc 2 lc'r., v. K 1 2

5 0.6 5 I 24"3 I

0.0872i)

2 0.24 - . •42

i29i

3 5 06 4 h 14 1

U, L24 2 I 0 5993 I

"The inii i n pinr ri| IJre thiII e r t and.ird dt'•iJtlOn( 4

of thli kill .-cucnd i,,craigc Jcro,'% ninelt re'plialionfI
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Figure 5-75. Horizontal Projection of Simulation Flight Path No 3 J
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Figure 5-76. Altitude versus Time Projection of Simulation Flight Path No. 3
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Figure 5-77. Target Velocity along Flight Path versus Time for Simulation Flight Path No. 3

5-101



4

Table V-15 Comparison of Prediction Algorithms and Ballistics Based oný 9 Replications, Path No. 3, and

Smoothing No 2 _ _

' rst +:;: 1 cidv116P6lu1 Pill, llvndt.1
\l¢l,, reI+. h~l,,L nea~r I. nerp Quidttla , F:neg 1". Pw~nt

kilt "-,,m , Prndt I , uI Ot • L1 65 0 1 141) LID 02 3 16+I 1

31,"•,, 3 0.0Q41 0 13 5 0 L'514 0 4' . 45"

101
Numnber of "Prc , No Ii 6 10 2 41

HiltI

Wilthin 2 Meters

"lmpro'ed",No 3i 4 14 1

N Gun Diwcr o on 4 rnit", O 5 nitcr ,, 5 nicLers L6

0, 0 6 inct6ei59

S006-h-591

algorithm is that for the defense of a known point, and effectiveness indices. The system is far more sensitive
the next best is the linear plus energy correction. With to azimuth and elevation er~rors than to range errors. Aj
the two best prediction algorithms. there is no differ- brief analysis of the lead equations indicates that the
ence between the two sets of ballistics in terms of the variation of miss distance with range error is roughly

! I

number of bursts above K - 0.20: but the more proportional to the ratio of target speed to average
sensitive measures of kill-seconds and miss distance projectile velocity. and. hence. always less than unity
show a significant advantage to the better ballistics. The variation of miss distance with'azimuth or eleva'-
The distribution of miss distances is compared in lion error is roughly proportional to the ratio of time
Figure 5-78. of flight to smoothing time; with a multiplying coeffi-

5.13.4.2 Det inacient such that the factor can exceed unity. Figures
5.13.4.ri Dt erinatiforhdnse of Optimum Do peion,5-83 and !-84 show the results of varying range sigma

By running a series of 2-replication sets. we find an and elevation sigma separately.
optimum gun dispersion of 2-3 mils as shown in
Fi2urec 5-79 through 5-82. Note that this is revealed 5.13.4.4 Interaction Between Tracking Noise

h,, the hurst measure. and not by the kill-seconds and Smoothing Time
index. The burst measure was introduced for precisely The advantages of accurate tracking and the interac-
this reason. The kill-second index shows the expected lion with the smoothing time ohtained on the pass i
number of killing hits. without regard for whether path were reconfirmed by runs on this course. the
some targets get more than their share, while the burst errof ic reughoporinale V- 17.
measure sows the probability that each target will of wich a s hon i ta
receive at least one killing hit. 5.13.4.5 Effects of Servomechanism Lag and!
5.13.4.3 Effect of Tracking Noise Variance Regeneration

Input noise variances were then varied individully The angular rates and accelerations on this flight
to determine the sensitivity of the system to each input path are not as severe as on the pass path. A rerun ofI
coordinate Table V-m16 shows the values used, and the the lag and regeneration modes indicate lag to have a
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Figure 5-78. Distribution of Miss Distances for Path No 3
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Figure 5-79. Effect of Dispersion on Number of Bursts with K < 0.20 Measure with Quadratic plus Energy Prpdiction and
Based on: 2 Replications, Smoothing No. 2 and Ballistics No. 3
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Figure 5-80 Effect of Dispersion on Kill-Sec Measure with Quadratic plus Energy Prediction and Based on. 2
Replications, Smoothing No. 2, and Ballistic No. 3
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Figure--81. Effect of Dispersion on Number of Bursts with K < 0.20 Measure with Linear plus Energy Prediction and Based
on 2 Replications, Smoothing No. 2 and Ballistics No. 3 f
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Figure 5-82. Effect of Dispersion on Kill-Sec Measure with Linear plus Energy Prediction and Based on' 2
Rep:ications, Smeothing No. 2, and Ballistics No. 3
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Figure 5-83. Effect of Varying Range Noise Variance
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Table V-i18. Effect of Noise Variance Using Linear plus Energy Prediction Based on: 2 Replications Each.
Smoothing No. 2 and Ballistics No. 3

ORCA I Ki~l.Sec K >-0.20 S< 2 %Itcwrý

50 0j. 0.6 0.1433 11 is

2 0 2.0 0 24 0.1866 12 40 -

100 i (10 0.6 0.1392 11I 12

:05 0 06 0 455 11 16

0.0 5.0 0.6 0.1468 11 17

2.0 100 10'0 0.0521 4 2

2.0 5.0 5.0 0.1103 9 S

2.0 5.0 0.0 0.1463 11 17

2.0 0.0 0.6 0.1985 13 61

00678-597

5210
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Table V-17. Comparison of Smoothing Times plus Noise Using Linear plus Energy Prediction and Based on- 9
__ __ _Replications, Ballistics No, 3 and Path No. 3

Standard Dc;atio •, r kin, I rrr

Kill-See K >0ý.20 S < 2 Mers"

Smoothing I 01435 12 16 2 2 o 24

Smooting 2 0.1810 12 34 12 1"4

Smoothing 2 0.1305 10 14 5 6

0065"9-5101

negligible effect for the K values used However. regen- showed a one second opportunity to get a burst kill
eration is effective in eliminating most of the small with a probability of 0.30 in the climb.
adverse effects noted. Results are shown in Table V- 18. Effectiveness of the system did not become signifi-
5.13.4.5 Effect of Switching Algorithm Threshold cant until the diving segment.

This target path does not have a steady-turn segment With two exceptions. a one-second burst fired an%-
of sufficient duration to offer the quadratic prediction where from 28 to 40 seconds would have a better than
algorithm an opportunity to perform. However. an a 0.30 chance of killing the target.
investigation was made in which the threshold for
switching from linear to quadratic was smoothly var- 5.13.4.8 Effect of Dispersion on Single-Shot
ied from zero to very large rates of turn. Effectiveness Probability
was shown to have a smooth increase as the threshold We can view the effects of dispersion through this
was raised until full linear operation was obtained, microscope b% plotting single-shot kill probability ver-

5.13.4.7 A Microscopic View of Details of Path sus time. This is done in Figure 5-85 for the segment
No.3 from 28 to 41 seconds. Note that on this run. 2-mils

dispersion shows single-shot kill probabilities as high
For Path No. 3, Ballistic No. 3. Smoothing No. 2. as 0.07; whereas the highest with 4-mrds dispersion is

and the Linear plus Energy Prediction, a print-out of only 0.02. However, the larger dispersion smooths out
interesting indicators was made at 0.20 second the wide fluctuations in the single-shot kill probability.
intervals. thereby reducing the peaks. but raising the valles.

the exception of very short path segments. This is what one would expect. If we showed I- orWiththeexcetio ofveryshot pth sgmets. 0-mils dispersion the peaks w~ould he still higher and
during the climb, and the level straight segment iprior the vallc,,s oss er and wider.
to turn at the top of the pop-up). miss distances
exceeded 20 meters. Some were as large as several Optimum dispersion is that dispersion that strikes
hundred meters. until the target enters the straight-line the best balance between the fluctuation,, n p, and its
accelerated dive. Since the print-out was for the linear mean level. Since "se don't know miss distance when a
plus energy mode. the algorithm was not able to cope burst is fired, dispersion mitigates the effect of possible
with the turn at the top of the pop-up. The print-out transient large errors during the burst.
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Table V-18. Compareso•, :i Effect of Lags Using Linear plus Energy Prediction and Based on: 9 Replications,

Ballistics No. 3 and Smoothing No. 2

0.1305 10 14

Scnsor Lig 0.1298 10 14

Sensor and (;,: Lie• 0.1259 t0 12

Senior and G in L •g 0.1295 I0 13
plus

Regenetaior

00678-5102

006
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Figure 5-85. Effect of Dispersion on Path No 3 Based on the Single-Shot Kill Probability Versus Time
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Figure 5-86 Effect of Rate of Fire and Ammunition Load

The fluctuations in the single-shot kill probability whereas the bursts reduce it in three steps, one of
are the result of tracking noise. initially correlated at which is very small.
input and further correlated by the smoothing func- Although there is no strong argument for 3000 rpmtions.Alh uht eei nosr n ar me tf r•)0 r mversus 600 rpm on this path segment. it is clear that5.13.4.9 Effect of Varying Rate of Fire what determines effectiveness for a given ammunition

We can rework the computation of kill probability load is the ability to tire all of the ammunition whileas printed out over the path in various ways. First, the target is on a predictable leg, and not to wasteasupsed that the gun fires 3 bursts of 48 rounds each at ammunition when it is not The 3000 rpm option issuppose hebgun fires 3 tof 48 r nd oc t valuable if one has only 3 seconds of good shootingthe beginning, midpoint, and toward the end of the time. and can identify those 3 seconds,. as opposed to
dive. The bursts are arbitrarily located at 29.2-3i0.2 sec the total time the target is within range. It is probahle.
32.2-33.2 sec. and 35,2-36.2 sec. The probability that however, that Vigilante would benefit from a 1200
the target survives all three is 0. 11; the probability that
it is killed is 0.89. rpm option.

Next suppose that the gun fires at a low. constant 5.13.4.10 The Effect of Boresight Errors
rate throughout the dive. The interval over which p,, is In our simulation runs we included the effect of
greater than zero is about 15 seconds. Figure 5.86 target maneuvers as a cause (if large %lowly.v-arying
shows how the probability of killing the target in- "systematic' errors, and the effcct of 'aim wander'
creases with rate of fire. At about 600 rpm. the gun generated hy correlated noise with zero mean. furtheruses up its 148-round load. and has attained a kill correlated by the filter. We have 1.so included ssvterm-
probability very close to tha. obtained by the three atic errors resulting from servo lags. h. expresiingI-second burst at 3000 rpm. In fact, the probabilit,, is these as a function of rates, and a.celcrati' ons. We feel
slightly higher. because one of the three hursts fell in a that this fairly well covers the ,ander of the point of
low probability interval, aim caused by sources that are difficult to design out of

Figure 5-87 compares the way that target survival the system.
probability decreases versus the three bursts and the In the field, errors will appear because the system is
continuous rate of fire at 600 rpm. The low rate of fire not properly calibrated and boresighted In Section 5.9
produces a steady reduction of survival probability we proposed a method of d',nimic calinbration to get
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Figure 5-87. Effect of Rate of Fire on Target Survivability as a Function of Time

rid or these errors, However, to see what happens 51.1311 Simulator Results on Climbing Turn
when there is a constant angular misalignment error inl The climbing turn segment or Path No. I was used
the system, we applied a constant angular error to
azimuth input and observed the results with the to compare linear plus energy versus quadratic plul

simultor, nergy options, The larger radar errors were uses As
simultor.inputs, Sun dispersion was 2 mile and smoothing was

Boresight error was varied from zero to 8 mile in 1.6 sec. As shown in Table V.19, the quadratic mode
steps of 2 mile, The MlIgh path was Path No. 3. with was effective whereas the linear mode had zero effec-
linear plus energy prediction. Also included are the 5,0 tiveniess, The distrihution of miss distances is shown in
meter azimuth. the 0.6-meier elevation and the 5,0. Figure 5.91. Althou~h*1the linear mode nevet came
meter range standard deviations or input error and within in metters of th target. the quadratic mode had

4-mili Jisipersion, almost 20 sample% within 5 mrtirso.
Results of two replications are shown In Figure 5.38 On this path, the tar at was turning at about 0.05

through 5.90. All bresight error is had, but on this radians per second, As IN acceleration theshold (which .
course with this set or parameters. we could accept Is currently programmed in terms of rate of turn) was
perhaps 2 mile or boresight error without serious Incresasd from zero, the emiciency or the 'prc liction

degrdaton.collapsed abruptly when the threshold eac Iuded the

The inverse statement it probablr' true, Ie,. the target turn ratte. Trhe decay is not A peorfect step lecaustog
amount of dispersion one use% should increase with the of noise which also triggers the Algorithm, However,
expected misalignment of t1ýe system. This degrades for low thresholdsi (up to 0.02). noise never knocked

the Antiaircraft sysem. Dynamic calibration should he the system back into the linear mode lor at least so
prfre.rarely that the elfect on performance wus negligilble).

Looking at the distribution of mits distances, it is The threshold operation thus functions properly an
interesting to ntote that we apparently chose thes bore. this path segment. It can he set low anid non-zero to
sight error in As direction to cancel a target maneuver keep the quadratic mode from bering Invoked on non.
error over a very short path isement. This would t urning paths by noise; and *till capture targetts where
explain the wiave% in the curvet for the 2- and 4.mil turn rate is large enough to cause Ii rear prediction to
error rases. fail.
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Figure 5-88. Effect of Azimuth Boresight Error on Kill-Sec Measure with Linear plus Energy Prediction and
Based on. 2 Replicetions, Smoothing No. 2 and Ballistics No. 3
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Figure 5.610, Effect of Azimuth Borvilght Error on Nvmboer of Sursts with K < 0.20 Mensure with Linear plus
Energy Prediction and Boned on; 2 Replications, Smoothing No. 2 and Balhltict No 3
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Figure 5-90. Distribution of Miss Distances as a Function of Boresight Error -.
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Figure 5-91. Distribution of Miss Distances on a Climbing Turn

5-112



5.13.6 Simulator Results Against Jinking Target b. Path 4a - Path 4a is an exact copy of Path 4
except that the basic flv.hv course has been

Four aircraft paths were used to investigate the moved out to 1500 meters.
effectiveness of candidate prediction modes against
aircraft employing a jinking maneuver. Each path was c. Path 5 - This path starts with a straight-line
composed of a mixture of two maneuver types. with segment of duration equal to the ,moothing time
the same representative of a maneuver type being used being used. The straight-line segment is followed
on each of its occurances. Three maneuver types were by the 2 -3 g maneuver, and another straight-line
employed: segment starting at "cross over' and lasting for 10

seconds. Fly-by is at 5100 meters and a constanta. Straight flight, altitude of 250 meters is maintained.

h. 0.Sgjinking d. Path 5a - This path starts with a straight line-
segment of 10-second duration. The line ends at

c. 2 - 3g jinking. 'cross over:' %,hich is at a distance of 500 meters

Tables V-20 and V-21 present the exact course content from the ourn. At that point 10 seconds of 2 -3g

used for the 0.Sg, and for the 2 - 3g jinking maneu- jinking occurs while constant altitude of 250
vers respectively. meters is maintained.

The simulation runs were made comparing the lin-The four pathes used were: ear plus energy prediction with the quadratic plus

a. Path 4 - This path started with a straight line- energy prediction. There is no advantage to the energy
segment of duration equal to the smoothing time add-on against this path. however it was left in be-being used, The straight segment was followed cause (I) it introduces no noise amplification (2) it is
bythe 2-3gking usd T traight se5gmeint w asoloed desired for flight paths where the altitude changes, and
by the 2-3gjinking and the .icg jinking maneu- (3) it is not expected to influence these results andver. The jinking is around a basic fly-by course
which passes the gun at a distance of 500 meters. comparisons. Smoothing No. 2 (1.6 second) and Ballis-
The aircraft maintains a constant altitude of 250 tics No. 3 were used with a 4-mil gun dispersion.
meters. The variation of the Y coordinate of path The results are shown in Tables V-22 through V-24.
4 with time is shown in Figure 5-92. When the jinking maneuver is performed close to the

Table V-19. Comparison of Prediction Algorithms on Table V-21. Course Content of the 2 - 3g Jinking
a Climbing Turn Maneuver

KilI-Sc, K > 0 0 %1-' 2.ti W ier' i, ] adial

I-I I ..r,- , t •,.cL ra I h'
Line~ar 0.0020 0 scl! m1ý'11 I N ;,C DI-C, cti I,,' Ae VIre ., ,g,

I irlc right I5-0 5 0
Quidj'.itn t 0.01i6- 4 . Irc lcii 2 <
Fncr• ircic rcirht 1014 3 1

4 ILrclc I ii 9 11

00678-5109 e ,:ir,:l . ri 80 2 8
6 .jje j rig]~ 9.'9

O06 8-; It I:

Table V-20. Course Content of the 0.5g Jinking Table V-22. Comparison of Prediction Modes on
Maneuver Jinking Path by Kill-Sec Measure

Radiai Paili Senmknt ý, :i
"IIon ,At cier., :oi PIcak inoll \lodc 0-21) o.In I 1-L ',

Scgincni Ipc t)irc,.: ion Idegicc,) 4gl

I circle right 2 0 05 " 1 icr I mIpcrgy II i ,396 t. 0t,4L

2 cirC!c !2!! So n P. 4
3 icir.c r:g.hl 4 II Quoidr (I. I Il i, iI iK. is C 4., 4 S
4 5-I1 ic;' h0)

S irde right 3 10 0 5 !. ,..,w r + I-cr, 0 05L , A
pitil 4.•
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Figure 5-92. Deviation with Time on Jinking Path Normal to Mean Flight Path

gun, the quadratic prediction is preferred. It probably With the proper threshold setting. we obtain results.
performs better than the linear prediction because the for the two modes with switching. which are better
time of the turns extends beyond that of the smoothing than either prediction mode by itself. The quadratic
time plus time of flight. As a result the quadratic is mode is used only when the measured rate of turn
occasionally able to make an excellent prediction. exceeds the threshold. If the threshold is set too low.
When the path is moved out, this is no longer true, and the system will be held in the quadratic mode by
the quadratic degrades faster than the linear. tracking noise: if it is too high. the target turn rate will

never exceed it. The figures show that the threshold
This finding emphasizes our earlier expectation that can be set high enough so that it will not he vulnerable

the usefulness of the quadratic prediction would de- to tracking noise and still function effectively against
pend on the duration of steady turns. Experimental turning targets, yet revert to 'i-ear prediction when the
data on a large set of real attack paths would be very turn rate is very small or zero.
helpful in this regard. Since we do show the quadratic
mode to be superior against close-tn jinking targets, This is the desired mode of operation, and the
and almost as good as the linear mode against jinking simulation has demonstrated the feasibility of the
farther out. we immediately come to the question of automatic prediction mode switching.
whether the decision algorithm can function quickly 5.13.7 Simulation of Manual Tracking
enough to revert to a linear mode effectively if the
target jinks before an attack, then straightens out for A first approximation to the system performance
the attack. with manual tracking might be obtained by estimating

standard deviations for manual tracking in azimuth
We therefore investigated paths composed of jinking and elevation, and using the *radar' mode with these

and straight-line segments. Table V-25 shows results inputs. As discussed in Section 4.3 of this report. there
for the two prediction algorithms without mode are both theoretical and experimental reasons for be-
switching. Only moderate differences were observed. lieving that the error in manual tracking will tend to

For the jinking course followed by the line segment. var' with range in such a way as to make its linear 1Forthe.likin corsefolowd b th lie sgmet, value essentiallv constant over the AFAADS range of
we allowed the prediction-mode switch to operate. but interest.

varied its threshold systematically. Results are shown
in Table V-26 and plotted in Figures 5-93 and 5-94. This would ignore the problem that the man has in
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Table V-23. Comparison of Prediction Modes on Table V-26. Effect of Threshold Setting on Jinking
Jinking Path by 'Number of Bursts with K > 0.20' Path Plus Straight-Line Segment

Measure

Path Sc•nucnt Il, I Ircshuld Nt'nbcr tf iirsEl sshtl i' S
Irdl'iown \tod,: -I. .2o li.-I i li-' ( Rid Sc, I KilI-Su,; %% Ith Is >0.20 Metcr,

l.liiv;ir - 4 4 , o 10 9i6~l q 24
""1.11 'l 4 I1([Q (11 16.8 9 23

102 II IilSXI23

I r•1) 103 2 2

Iiilcjr I6 -11))4 0.1 X' 1 10 2X
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Table V-24. Comparison of Prediction Modes on O (is s0 S I x"I
Jinking Path by 'Number of Samples with Miss 0o5

Meters' Measure
oI It '11515 Th

Path SegmlnCntIC .i

Prcd ,ton M od e 0-20 0-lU 1&- 0 1. 5 4 _ _ 2 ,t( ID 0 1554 ,1
[.maII 19 6 14 1

Q uadral , ' 2 ' 9 14 Path 

I

Lncrgv h. The larger the lag (and the error as seen through
the sight). the more the man's 'noise' component

Linen increases. The random component of the man's
~ncris, Path 41 error is therefore computed from:

Quadratic + 1t2tLneri;, Er II n((o + J1 )I53<2

0(675-S5 lb

Table V-25. Comparison of Prediction Modes on where c. is a constant value in meter%. L is lagTabl g Path CParison oPredctLine Modments onconverted to meters at the target range. n is I

Jinking Path Plus Straight-Line Segments random numher chosen from a normal ditrihu-

Number ol Number on lion with unit variance, and p is taken as 0.25.
Pr~dcdllu.n Bursts ~ I~uii "an~pI.: l,,ith1\lode Kllt-SKon B t 0 1is"- .S t %kilrl, c. Autocorrelation of the Markov type i,, then intro-Mode K00 i 5duced by operating on successive F. samples. as

Linear 0.1i554 9 26 in the radar case with appropriate autocorrela
Lncri* Path 4lion time tor the man.
Qiiadrai.c + 0.1671 9 24 Table V-27 shows the parameters, used for the simu-I.ncrg, lation runs. A radar run is included for comparion.
Linear 0 2906 t I 36 A The parameters have the follo\ ing hasis:
I[nerg. Patth 5aQuadratic+ 0-24" to 29 5 For rate tracking it is assumed that the transfer

I ncr,06 function of man plus control is:
U06"S-51 I I "1K sIc

Y =K )c5.3o3

coping with angular accelerations, and the lag he where K = 5.0 sec and T_ = o 21 sc. This is based
produces as a result, on the findings of Section 4.3. To gO h•c lag co.Oii-

A manual tracking algorithm w&as therefore devel- cients expand:

oped on the following assumptions: ,, = I - + . (5.31)4)

a. The man's lag can be represented hv K.K, of
appropriate values. Section 4.3 indicated that
these should be very low compared with those as a serieo in s. To this level of approximation. the
attainable with a servomechanism, coefficient of " turns out to he zero.
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Table V-27. Simulation Parameters for Manual-Tracking Mode

R ite R ate.-Aid ,d R H '::nerjtie.a , '. d R adi i

. 5  D t -I ,.. - I .U ,:, - -[i 1r

- '

"1 .0 ":' 1 ( 'C'- ýDl ".'."

K \erv Large 0.0 ,0-:'2 e.

A 0.4'

OR \Iv•teri•''l . J}, "

G.ull DI~liv'l'on NOI',) 40( 4 0I 4 i1 4 0!

-1I0.0

For rate aided tracking. the K, noted in Section 4.3 Table V-28. Comparative Effectiveness of the
are used. Various Tracking Modes

For regenerative tracking. it is assumed that the ('1:1A

operator only needs to supply the deficit between the t),Tiyr. 'q"1 2 1
actual target rates and accelerations, and those regener- -i),) Kiit*l-Sc K _-U '0 Meter,

ated from the smoothed, measured velocities on the Nanual
assumption of unaccelerated start target flight. It was RKjw 4 o (102s (1 0
assumed that he would respond with the same K values 4 Uih$9 0
as for aided tracking, but that his task was now so Ratuu-.Aowed 6 00 t1 0i
much simpler that he could reduce the random noise
content of his error and take advantage of magnifica- Roenerac'-xA.i 4 0 I1'si 12 3C
tion in his optics to attempt to track a point on the I r 4 [ , 433 II 15
target, such as the intersection of wing and fuselage. I __I

The proportional increment of random error, resulting 0067 -. 122
from his perception of residual lag. was retained.

We thus account for operator lag. random noise. and I
the increase of random noise with lag. These conjec- he improved by increasing gun dispersion, run% wserc

made w ith this as a variable. The results aire plotted intures need to be tested against a reasonable body of Fiue i-th an 5-il. The rpium drsiot is
real tracking data. Tracking data with the present Figures 5-95 and 5-96. The optimum dispersion is
Vigilante fire control system. which has a regenerative
mode. would be of particulai interest, especially if The results are. of course. specific to this tirget path.
taken with and without the regenerative aid operating. The poor performance of the man results from his lags

Results obtained with the present assumptions are on this crossing course. For verN lose target angular
shown in Tahle V-29 for Path No.3. Rate-aided !rack- velocities and iicceleraions the model would show
ing is superior to rate tracking because of the more good effectiveness Cor manual tracking even without

regeneration. Hossever it is helievcd that there Is suf-favorable K values used- but both are unacceptable ficient doubt regarding the man's ahilit% to track dif-when compared with the radar. Under theficu and changing rates to otctudi nonreeneratie
assumptions made regarding tracking precision with manual tracking from further clonideration eor
regenerative aid. the man does better in this mode than AFAADS etcepk in a hick-up moder ion ,i deraided

the radar. FASecp7iabakumoe sIdgdd
mode of operation.
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The algorithm for defense of a known point works
extremely well on the path type for which it was

. O... sE~intended. The several-threshold decision algorithms,
for switching this algorithm in at the right time and
then reverting to normal prediction when it is not ]
needed, were demonstrated to be feasible and efficient.

: . " '= This is an entirely new type of prediction mode and I -

warrants high priority for future attention.

Figure 5-95 Effect of Gun Dispersion on There is a substantial payoff in high muzzle velocity

Effectiveness of Rate-Aided Manual Tracking for the and low projectile drag. Further gains are likely be- i
"Kill-Sec" Measurement yond the values tested in these simulations. U

Excellent performance is expected with single-fre-
quency radar and 1.6-second smoothing. A frequency-
diverse radar should permit even higher performance.
and the payoff can be taken either in effectiveness or in
smoothing times as short as 0.6 seconds.

The optimum angular dispersion with radar track-

ing. or manual tracking with regenerative aid, is no
more than about 2-3 mils. i

I 'l Boresight errors and systematic errors in the solution
I,,', I (instrumental errors) should be held to no more than I,o ~mil.]

Manual tracking without regenerative aiding is un- j
K010 likely to be even marginally adequate. The potential of

,I manual tracking with tcgenerative aiding is excellent if
it can be realized.

- , The step thresholds on the decision algorithms
" .u,.o ,J l, ,, ,w orked satisfactorily. W hether a grad iant threshold,

S,42, indicated to be possibly preferable in Section 5.4.
would provide further improvement remains to be

Figure 5-96. Effect of Gun Dispersion on determined by possible future simulation runs.

Effectiveness of Rate-Aided Manual Tracking for the It was not possible to simulate terrain-following
Number of Bursts with K > K.' Measure aircraft because of limited time. Terrain following may

approximate. in a vertical plane. the jinking runs that
were made in a horizontal plane: but explicit simula-

5.13.8 Conclusions tion would permit better judgements as to system

The following conclusions are drawn from the simu- performance.
lation runs 5.14 SYSTEM EFFECTIVENESS

If only one prediction mode could be chosen, it
shoud h liearpredctin wth he eerg corecion In the preceding sec-.;-ns of the report we haveshould be linear prediction with the energy correction developed a basis for co'mparing system effectiveness ~ a

for target acceleration under gravity in a dive or climb, dee a bis frn comarintem effectivness
under a wide range and variety of configuration op-

Reasonable and likely target path segments have tions. A logical way of making overall comparisons, if

been identified where quadratic prediction plus the time permitted. would be by the WESIAC relationship

energy correction is the preferred algorithm. The qua- and with the procedures as outlined in the following

dratic prediction corrects solely for turns in a horizon- paragraphs.
tal plane and is applied only perpendicular to the flight The expression for effectiveness is:
direction.

The switching algorithm, for automatically choosing E =ADC (5.395)

between linear and quadratic modes, can he made to where, as described earlier, the availability matrix A

function satisfactorily so that the best performance of estimates the probability that the system will be opera-

each mode can be realized. More study of the decision tional in each of its possible operational modes when

criteria is desirable. the engagement begins. D represents the probability of
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changing from one mode to another during the en- detect aircraft (as reported earlier), some preliminary

gagement. and C contains (as elements) the effective- conclusions can be drawn.

ness of the system in each mode against each of the
tactical and environmental situations for which it is Consider a worst case' of a 600-knot target on a

desired to obtain an effectiveness measure. passing course with short mid-range, and a rather
difficult terrain mask of 6 degrees. At this speed, the

Environmental states might he categorized as: day. airplane has a minimum altitude above ground in

clear: night, clear; heavy rain or fog: enemy using terrain following (as estimated in Section 3.4) of about

,x interineasures or no countermeasures: etc. Tactical 150 meters. The boundaries, within which the aircraft

states might include high passing target, terrain-fol- is exposed in terms of altitude and distance along

lowing passing target, attack paih. etc. For each of flight path. are shown in Figure 5-97.

these states, the matrices could be multiplied out and For visual iarget detection and manual tracking
the desired measures of effectiveness obtained. assume that the man can do as well against this 600-

For the present, it is necessary to limit the discussion knot target as it was indicated he was able to do

of system effectiveness to less-detailed comparisons, against a slower F-86 type under extremely clear atmo-

We discuss briefly some of the implications of the spheric conditions. i.e.. a 50 percent probhbilit,, of
target acquisition process on system configuration, and detection by 3000 meters range and an 80 percent hv

then the relative ranking of some of the alternative 1500 meters. This also assumes that by RAID or some

elements with regard to sensors and prediction algo- similar aid he is able to narrow his field of search to

rithms. under 45 degrees. Once the target has been detected.
we assume- I) that the man requires 3 seconds to

5.14.1 Detection and Acquisition of Fast Targets acquire it and begin tracking. including activating the

on Low-Pass Flight Paths ranging device, (2) that the computer requires 2 sec-
onds to settle, and (3) that time of flight is I second.

The time and range relationships in target detection Time of flight variation with range has not been

and acquisition require analysis in greater depth than considered in detail.
was possible in the present study. However. from the
brief survey of target paths. and the man's ability to The resulting contours are shown in Figure 5-97.

M0~ 71ANUAL VISUAL VANUAL V-SUA
, L..__ CIRECTtON 1OPERCENT 50P0o$•C r % i

6000OT

600
ALTTUOIE SE

RADAR ACSUISITION

SODO 4000 31,01 2000 IOU()0 1000 20030,00 40M so

DISTANCE ALOCIN ;LIGHT PaTH ,MTE RS

000' 5,25

Figure 5-97. Effect of Target Acquisition Mode on Firing Envelope
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Regardless of altitude, the man has less than an 80 b. The detection and acquisition process should be

r percent chance of getting the projectiles to the target automated to the maximum degree possible.
before midpoint. However, even against the terrain- c. The 3000 rounds per minute firing rate of Vigi-
following mode he has about an even chance of getting lante should be retained. However, consideration
in 2-3 seconds or fire. of less transitory attack paths suggests the desir-

For radar acquisition we assume a 30 rpm antenna ability of an alternate lower rate to be used at the -
rate with 3 blips required for detection, Given detec- discretion of the gunner (or the computer). J
tion. we assume that the man can be put on target by 5.14.1.2 Radar Multipath Error
automatic tareet designation in 3 seconds, or that a
trackink radar can he put on in 2 seconds. Three In Section 4.2 it was indicate,! that the principal
additional seconds are again required by the computer radar multipath problem is in elevation. While the
and time of flight. These contours are also shown. error is maximum when the elevation angle is 0.8

Finally. we assume automatic target detection and times the half-power beam width, it is negligible at 4

tracker put-on. on the basis of 2 blips. This mode times this elevation. If the terrain-following target (as

would have to be investigated for false-alarm rate. It described previously) is flying at 150 meters above
could save I scarn and 2 seconds. Its contour is also ground level and if the radar beam width is I degree,

shown in the figure. then the target elevation is above 0.8 degree for all

ranges within 11.000 meters, and above 3.2 degrees for
For very low altitude targets under 300 meters, the all ranges within about 3000 meters. Local terrain

radar acquisition mode is hindered by the 30 rpm contours will influence multipath. but the above con-
antenna rotation rate, and the requirement that blips siderations suggest that multipath may not be as dif-
be confirmed. ficult a problem for AFAADS as originally thought. *

Since we have given the man the benefit of RAID Within reasonable reflector diameters, the beam width
warning, the same advantage could be given the radar may be further reduced; if K.-band radar is deter-
by putting it in a sector scan mode. If it scanned only a mined to be feasible for this application.
90-degree sector, the whole process might be shortened
sufficiently to allow the first projectiles against the The possible utility of the computer in inhibiting the
terrain following aircraft to reach it at midpoint, radar from tracking 'underground' targets also may be

of some value.

The 2-second settling time of the computer can be 5.14.2 Detection and Acquisition of Targets on
further shortened if smoothing time is made a func- Attack Paths
tion of time of flight. But for this 'worst case' it seems
difficult to achieve more than 6 seconds of effective A target making a dive or glide bomb attack with
fire. This is an argument for retaining the 3000 round conventional iron bombs is expected to be easier to
per minute capability of Vigilante. acquire than a high-speed passing target. This is be-

cause the aircraft must: (I) acquire its target on the
The above crude estimates suggest that the man's ground. (2) then go into an attack pass. (3) maintain

performance in target detection is marginal under the steady flight for 5-10 seconds while its computer set-
best conditions. Radar target detection. however. will tles, and (4) then breakaway. The more the aircraft

provide satisfactory performance under all conditions compresses the time for these maneuvers in order to
of light and weather. Any aids that can be given the reduce exposure time. the poorer its effectiveness is
man to reduce his field of search will assist the radar as likely to be in terms of bombing accuracy. It can
well. and thereby shorten its time to detect. reduce its vulnerability by releasing its munitions at

So few seconds are available, however, for the whole substantial stand-off ranges, but at higher altitudes it
process of detection, acquisition. tracking. computing, should be detected more easily. The engagement then

and firing, that it is clear that all data transfer must be becomes a trade-off between the effectiveness of

automatic. AFAADS at the outer limits of its effectiveness enve-
lope. and the accuracy of bombing from those ranges. -,Identification was not considered above. If visual I h aeo i osraegie epnteei

identification is required. system effectiveness against further trade-off on the part of the attacker betweenth trgt osierd il egad bdlthe high cost of long-range standoff weapons. and the

We conclude tentatively from the above brief survev greater exposure of the aircraft when releasing short
that: standoff weapons. The whole subject of interaction

eman's a to detect and acquire fast, low between offense and defense can be explored with
ta.het ais likely to be a nder the best of facility on the present simulation. but time has not
targets imarginal permitted this to be done in this present contract.
conditions.
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In formulating realistic paths for the simulation, Attack Path
however, it was found difficult to set up realistic attack Reference: Linear + energy prediction, Ballistics
paths in which the target exposure was only a few No. 3. 1.8-sec smoothing. and 4-mil gun dispersion.
seconds. For a given ammunition load on the mount.
and a given exposure time during which it is not
possible to identify 'optimum' firing points, the best Option Index Ratio
chance of killing the aircraft is secured by firing the
available rounds over a long rather than a short period Elimtinate gun and setnsor lags I.1
of time, in order to minimize the chances of missing Use Ballistics No.l 0.9
with all rounds. Although the subject requires further U;c lincor prcdkition 0.7
analysis. it appears that the Vigilante would benefit Usc (Itiadraitic lprediction 0.4
from an alternate rate of fire option of about 1200 tUsc quadratic pils CJi.,re.
rounds per minuze, in addition to the 3000 rpm option. prediction 0.1
An increase in the ammunition load carried on mount Use de•ended point prediction
above 144 rounds also appears advantageous, but this mode I .1
judgement needs to be supported by simulation and U, 04 SeC smn)othing 08
analysis. Reduce tracking errors to 0.4 of

5.14.3 Comparison of Prediction, Ballistics, and statdard valties 1.4
Tracking Options Reduce gun dispcrsion to 2 mils I.'

In this section we summarize the gain factors associ.- Increase loresighl error front 0 to
ated with the options compared on the simulator, by 4 mils 0.8
type of target path. The basis for comparison is the
kill-second index. This is considered to represent a In all ,imulation runs, the value of improving the
measure of the effectiveness which we have at our ballistics diminished as prediction improved. While on
disposal to utilize in terms of firing doctrine. The burst the attack path and in the simple linear prediction
index would be preferable except for the fact that our mode. going from Ballistics No. I te Ballistics No. 3
choice of 0.20 as the highest value in the print-out yielded a gain factor of 1.4; as compared with II .fior
reduces its sensitivity. Had we chosen readouts for the superior linear plus energy algorithm.
number of bursts with kill probability greater than
0.50 and 0.80 for example. this index would have On the ibove path. the higher gain-factor options
shown the same discriminating ability as the kill- are: improving tracking accuracy. using optimum gun
second index. However, we use the burst index for dispersion. and minor improvements resulting f'rom
comparing the effect of dispersion. the defended point mode. and eliminating servomrecha.

nism lags. The major gain was achieved in the original
In each case we compare the kill-second index for an selection of linear plus energy prcdiction as the refer-

option against the index value for a standard configu- ence case. This selection provided a gain (l1' 1.4 over
ration. The standard is it fied for each path type. simple linear prediction.

Pas, . .Urse The penahy in allohing i 4 -mil horesight error

Reference: Linear prediction. Ballistics No. I, 1.8- should he noted.
sec smoothing, and 4 mil gun dispersion. Climbing Turn PIAth

Option Index Ratio There was only one compari%on on this path seg.
ment. The index ratio for quadratic plus energy predic-

Eliminate gun and sensor lags I.7 lion. compared with linear plus energy., wa% 43.0. This
Use Ballistics No.3 I.I interesting result is suflicient to retain quadratic plus
Use 0.4 sec smoothing O.q energy on the hasis of' this single path segment.
Use 3.6 sec smoothing 1.5
Reduce tracking errors to 0.4 of Jinkitg Path iall links, msed)

standard values 2.2 Comparing quadratic plus energy ,igatinst linear
Reduce gun dispersion to 2 trils I, plus energy, the index ratio wsas 1.7 for a •lo-,.in pailh

and (P.9 hor a larther out path. Qutdratic prediction
again seems it) have a plice in the concept,

On this course the major payoff options are: elimi- Jinking Puth plus Line Segnwt i('Clme in)
nating gun and sensor lags. improving tracking, and For a path on ,hich the tarfget inked then seitled to
(since the target is not maneuvering) increasing a straight line segment. the index ratio for quadratic
smoothing time. plus energy (compared io the liner plus energy prcdic-
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Ltion mode) was 1. 1When the decision option was (3) Defended point algorithm in prediction.
allowed to function so that the computer automatically 5.14.4 System Error Budget
switched to whichever mode it preferred based on its
measurement Of target turn race. the index rose to I1.3. A review or the distribution or miss distanccs oh-
This supports the inclusion of the switching algorithm. tained on the simulafion reveals a remarkable number

or samples within 2 meters. This is in spite or target

Manual Tracking on Attack Path miintuverp and tracking noise including at 3-meter
standard deviation in azimuth. With the exception of'

All of the comparisons werc run with linear plus sensor and Sun servo lags., we did not include estimates
energy prediction. 1.11 seconds smoothing, and Ralli%. or errors developed within the computer (instrumental
ticx No. LI. The ha~i%i tor comparison %sit% radar tric:k- error); other thani those associated with the %moothing
ing of the %ame course. On this baims the index ratio, of target position. velocity, and rate or turn. Neither
for the man with simulaited rate tracking. wa 0.02. d 1 eicuemuevkwt ytmtcerro
For the man with rate-aided tracking and dispersion round to round dispersion explicitly except to the
adjuhted to optimum angular value, the index ratio wu.. degree their effects can he inferred from the effects or
0,12: and ior the man with regienerative tracking and changing gun dlispersion and buresight error. Theta is,

noise considered to he appropriate to trucking with or course, nio problem in adding these effects to the
optical magnification, the index ratio was 1.2, simulation. Their exclusion at this time was the result

of limitations on resources within the present contraoct.
We reel that the simulation of the man's perform- ti cioiblhwvr.t itur httefr

once in the rate and rate-aided model was realistic, Iti asnbehovr.oreurtathefe
and that in the regenerative mode probably optimistic, control solution Introduce no errors that will degrade
We conclude that the man should not track unless he system performance below the level resulting from
has regenerative aiding, and that manual tracking tar Ie maneuvers and tracking accuracy. Since! we
(even with regenerative aiding) should preferably he a bel irS'e that the occasional straig ti-inef Segment, which
back-up tather than a prime mode of operation, appears in most attack paths. and noni-Jinkitfl level

passing targets Is a prime opportunity for AFAADS,
The relative wegtn of the path selment types we feel that system eiffectlrifensh should not be im*

compared on the s mulator Is a matter of judgement. paired by Instrumental errors during these opportuni.
Each of the options is associated with a cost aind It ties. The result will he either very hig~h kill rate, or the
discussed on this basis in Section 6. At this point, denying to the enemy the attack pat s which are most
however, we order the options tested on the simulator effective for him, thereby requiring exipenrditure on his
into three clawses low, medium. and high cost, and part for costly Oir* control equipment1 andlor air to
within each class is what appears to be a reasonable surface missilets. Both objectives are worth seekring
order of priority. On this basis, we assume tentAtivelY that the Insiru.

a. Rlatvelylowcostoptonsmental error hudget should be laid out so that On a1 set
a, elaivey lw-uit ptinsof standard, di~lcull pass courses with no targe acl*

(1) Energy correction for linear prediction, eratlon, the overall AFAADS instrumental errors, ex-
12) Improved ballistics, pressed in standard deviattons exclusive Of irocking

drrors and their effelts, should be lf%% than 2 mlters
0i) Minimal sensor and sun lags%, out to Iwo11 mveter sldnt range, and less thani 2 mils

(4) 9vreslght error% under I mil. t.yarfil thni rngen The 'yotmoleic trrmr sh,,ld bet le-s
than half these values, A reaonable set of coutrse

0~) Smoothing time proportionAl it, projectile might begin with fthe design point course furnished by
time of flight. the Army for this study (Path 2), with two dif three

)Vorariabl dispersion by dither. courses otherwise Identical, hut moved osut progres
(It) slively in 1001) arid 2000t meters minimum horti~nntal

h. Medium-cost options range.
( I Regenerativ, riauking. It is suggested that the instrumental errilrs suggesteil
(2) Quadratic mode with dutomaici decision ill. above shonuld be boll out to the range it which pr'ojit'.

gorlihm tIle# velocity drops it) 1.11) times the speed or miunJ
iiiam'Jar' conjdionti. with the improtrd hallitl~ h

c. Hih-uoi aplomwill be ol~tut ýttitt i eters
ill) teue aa rciger' feuny~ More simulation runs are needed to explorr systeti

varsiy).effectivenuss tin the fringes or the effective dtefense
12) Automnatic opticial tracking mosde ITV or tot. envelope fit depth. In reviewing the history ofi 1.

iging IKI dive bombhins in Kovrea, layitis out reasonale ahit ack



paths for the simulator, and considering the implica- ing defensive fire as long as the gun can fire and the
tions of air to surface guided munitions, it appeared to mount can he aimed We therefore consider degraded
us that the original 3000-meter maximum effective modes or operation, beginning with this ultimate deg-
range suggested by the Army was too short from both radation and working up to full functioning, 5.14.5.1
a tactical effectiveness point of view. anld from the The Ultimate Degradation
limitation it would impos on the potential ~efetive
range of AFAADS with improved 37mmn ballistics. It All systems dic down except for the power controls
did, however, represent a rtasonahie maximum for the associated with manual tracking. the man. and the gun.
original, rather ineftcient, Vigilante ballistics.1heunr s tefyhruhmtdofld

stimation. He estimates target speed. and holds the
Interpretinit the tentative instrumcntal error% in target on a speed ring in his optical sight so that the

term% or the ballistic solution, some rough ~omruta- t.Irgut leivdin-I I ais aý ,i tims rd the c:enter t.f the sight
tions (hawed on the formulas, in Section 5.5l indicate I interwetown otcrs1 aist In effect, he hold% a con-
that ror a target speed of 300 meters/sccond, the time slant iinrjul~ir lead, and IIn ahout the right slant plane.
or' fli hi should be computed to within 10,003 %cv.. and Since required lead oin a pass course sttarts. small.
that tf. allowable systematic error in muzzle velocity is increases to a maximum and theti decreases again, this
I0. metert/second, with a round to round dispersbion in procedure should create at least one and possthly two
muule velocity of about 3 meters/second. in on the course at which the lead is correct.

Since errors in time of flight and nuiule velocity V'h~ Sun i% tired at a low but stecidy rate.
have their principal e~ffect along the dircctioa, of flight, The angular lead required is approximately"
and the radar and probably the man tend to develop
tracking error% proportional to target dimyensions and at-(V sV '11 1 .'n
thus along the direction or Mlight. the abova estimates
may be too stringent by a f'actor or perhaps 2,ti. This
subject~ deserves further analysis in depth (in the 'The lcad~ hlcd is.

simulation. 1 iitn 5,3()7)

We conclude thatu
a, AFAADS Instrumontal error% (Cgclusve of those Teerriwedi

cmuwvd by trackinig errors and targe 91Maneuver%) I' L 5, 39) K

ohould he held to within a standard deviation,
about their mean, of 2 moter* out to 2000 metersh nl utne yte agtfslg ln h
slaont range, and 2 nills beyond that. flight path Is-

b, Al-AAI systematici errors should not show .' 1 L1 Il

mean vialuir exceeding oint half the standard devi-
alion given above. l'rom the preceding relations. compiute the rate of'

c. Te alowblesysemaic erorin u~ie slocty hange: of lead e;rror at the timet le~idl error Is icro, andl
v, Tu Aow~he h~iirali errr i muzle ocloll) divide tIN% Into target 'tie to dvt~rnitti how& long IIIe

on this his%!% is about I !l meters/second, with a lead is within the target dimension Assunting tha~t the:
taundiird round ito round deviation or about i ouessed lead ause tis ito happen at ihoui 11 - 661

meters/seciand. deyrevs idwi rv'stli i. not scrs seiItiso 11 1% sn l it%1
it os undegr 'J do eel

d, Time of flight should be computed to withitn 101
11,004 seconds.

or Furthur Manlysis Is tri4wigtj ito determine the th (v!)L/ 54jj
Inteacton aonginstumetal rros, Alisi1c

errors, syotem performance. and system coist, ~ ii

r. Automatic muitzle~veloeiity measurement iind cor % a~ p~ecd
ietoon, as developed by COerlikon, is worth con. It* aietl1iiill

sldering. 3.ld $ IDqriided Modes of Operation .i4l . 1b i:1.o1et sliced

The %ysuiet sihould rutain tome cpiri lily or( deliver.i," 'n I tItiekilici rl



If: 5.14.5.2 Range Information Denied

L, . 2 meters (vulnerable length) If the system is all operative except for the range
finder, which is either down for repair or countetmea-

V = 300 meters/sec sured, it would be necessary to operate on estimated-

Va = 800 meters'sec range information. It is suggested that the regenerative
mode include an algorithm for regenerating range

then: from angular velocities and occasional intermittent
range estimates. Algorithms for doing this were de-

th = 0,035 sec scribed in Section 5.3. The simulation run, indicated
that solution accuracy was less affiected by range errors
than by angular errors. Additional runs with the range

Now assume dispersion perpendicular to the flight regeneration algorithm would determine the feasibility
path of 4 mils at 1000 meters (4 meters). The prohabil- and performance of this mode. Against on-board jam-
ity that a round is on target vertically, for a 2-meter ming. the cost of getting position data by triangulating
vertical target vulnerable dimension is: across several AFAADS fire units should be investi-

gated.
, 0.10 5.14.5.3 Tracking Sensor Inoperative

Hence :he kill-seconds for this mode is: The optical sight, although it may embody an imag-
KS - 0.0035 ing device with automatic tracking mode. should have

backup modes of operation so that it can be used as:
It's interesting to note that this is about the result we a. A fixed sight with estimated lead as noted earlier.

got on the simulation of the attack path with manual
tracking using rate control, and a sophisticated predic. b. A visual tracking sight with stabilization and
tion scheme. A pessimistic judgement at this point regeneration for manual control.
might be that if you have a man tracking with a rate c. A visual tracking sight for manual control with
control, there is no point in providing a good fire stabilization and conventional-aided tracking
control system; and conversely, if you have a good fire (with position components) in case the regenera-

control system, manual tracking should be avoided. tive mode becomes inoperative.
5.14.5.4 Surve~llaence Senior Inoperative

To ensure that there are some rounds in the air

when fly-through occurs in the constant-lead degraded The tracking sensor should have a limited search
mode, the gun will have to fire at a reduced rate. At capability. The man is the final fall-back mode.

1200 rpm with the present Vigilante ammunition load, 5.14.5.5 Degradation by Weather
it could fire from 7-10 seconds which would be about A careful statistical study needs to be done on the
right The probability of killing the target in this mode probability that an AFAADS configuration without
would then be: radar would be limited to varying degrees by cloud

PK ,, .07 cover, haze. fog. rain. etc. The brief survey made for
this report indicates the possibility of frequent and
serious limitations.
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SECTION 6
RECOMMENDED CONFIGURATIONS

In the body of this report we have attempted to criticism at this stage since the life cycle costs must
identify a large number of design options with regard include developmental costs, maintenance, and opera-
to system elements and system configurations on the tion as %ell as procurement. An item with a high
bzsis of potential improvement in system capability procurement cost may prove more cost effective if it
and performance. We have also attempted to include exists and requires minor development cost. Con-
in this selection as many concepts as possible that had versely. a high maintenance cost item may be undesir-
potential, were realizable within the state of the art. able in spite of a low procurement cost.
and were new. in tl-at they had not previously been For developmental items, in view of current pros-
implemented in antiaircraft predicted fire systems. pects fot's, drastically reduced military budget. consid-
Which concepts should be considered for an early erable weight should be given to those developments
system and which should be considered for the future which have an essential place in the civilian economy.
depend on time, money, and requirements. Lasers and digital computers are typical, Industrial

In this section we attempt to consider the design funding of digital computer R&D in particular will
options in configuring a system in terms of potential ensure the continued and accelerated growth of this
advantage in performance and cost. At this point a field of technology regardless of military funding. Gun
considerable degree of judgement is used, partly be- and ammunition development, on the other hand, is
cause there was not time to analyze all items subject to not likely to be done except with military funding.
analysis and partly because some options will always The entries in Table VI- I are discussed in the fol-
be beyond analysis. The reader will have his own ideas. lowing subsections-
We attempt here to give him enough supporting back-
ground to assist him in forming his own judgements. 6.1.1 Relatively Low Cost, High Payoff Items

We feel that the development of AFAADS should be Improved ballistics. The analysis and simulation runs
time-phased with progressive improvement. The design showed a significantly increased effectiveness as muzzle
should be modular, so that as improvements in sensors velocity was increased, and projectile slowdown re-
computers. and guns and ammunition become availa- duced: the better the prediction the smaller the im-
ble. the system can be upgraded without a complete provement. However. short time of flight is always
redesign. insurance against unforeseen contingencies.

As a caveat in this regard, it may be noted that it is 1200 round per minure gun rate option. The present
one of the unfortunate facts of development that Vigilante apparently has only two options: 3000 rpm
brassboard experimental models tend to become stan- and 120 rpm. The fornmer exhausts the on-board am-
dardized, contrary to plan, whenever they demonstrate munition load in three i-second bursts (or with special
significant improvement over existing equipment. or loading four bursts), and the three bursts could easily
because the demonstrated improvement reduces the be fired at unfavorable points on the course. The 120
pressure on further expenditures for development. rpm mode is too low for antiaircraft fire except possi-
Brassboard items are essential to orderly development. blv against passing helicopters or light planes. The
but they should be conceived with the foresight that if 1200 rpm is a reasonable alternate option, in addition
they are pulled out of the program and standardized, to the other two modes.
the planned future growth is consistent with their Laser range finder. This is essential on a mount
interim implementation. without radar ranging. It provides backup in case of

radar range jamming.
6.1 OPTIONS FOR CONSIDERATION IN

SYSTEM CONFIGURATION Linear plus energi. correction prediction mode. This
really needs to be validated against real aircraft attack

The various design and algorithmic options dis- paths although it showed excellent performance on the
cussed in the body of the report have been assembled simulator. It can be included in any prediction solu-
in Table VI-I. and an attempt has been made to tion. whether analog or digital.
categorize them according to payoff (high or medium)
and cost (low. medium, or high). These categorizations Low altitude, altitude prediction cutout. This is for
are highly subjective at this stage. There has been no use against terrain-following aircraft to reduce the
attempt to rank options in order of importance within amplification of altitude prediction errors by the ran-
groups. dom-like vertical motion of the aircraft. It was sug-gested by analysis and has not vet been validated on

The cost categorization is particularly vulnerable to the simulator it should also be helpful when the radar
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[ Table VI -1. Options for System Components and Functions
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is having multipath trouble at low elevations if manual blips, and can be used to assist and eliminate the lags
tracking is not possible because of darkness or weather, in the sensor and gun servo loops.

Increased on-mount ammunition load. This interacts Digital computer. The digital computer allows greatly
with rate of fire. It may not be needed with the 1200 increased reliability, accuracy, conservation of space

rpm option, but should be considered especially if only and weight, and is obtainable at reasonable cost. Main-
the 3000 rpm option is available for antiaircraft fire. tenance costs should be very low compared with an

Open and cease-fire indicator. This is required to analog computer. Continued rapid growth of the state

ensure that the gunner fires only when the target is of the art will permit expanded capability by simple
within range, and a good solution is being generated replacement. The digital computer makes feasible theby the computer, use of alternate prediction algorithms without incur-

ring added settling times, automatic mode selection,
6.1.2 Relatively Low Cost, Moderate Payoff and automated firing doctrine, as well as automatic
Items system checkout.

Increased HE content in projectile. There is a trade- Quadratic prediction option. When called up by the
off among muzzle velocity, projectile ballistic coeffi- computer, this will allow improved effectiveness
cient, and HE content of the projectile. To select the against turning and some jinking targets. The digital
best combination of these characteristics in the context computer allows several prediction modes to be main-
of overall system performance, target vulnerability tained current, so that there is no additional settling
data will be required from the Ballistic Research time in transmitting orders from one mode or another
Laboratories. to the gun.

Better RAID data. The ability of man to detect Automatic prediction option selection. This is easily
targets with his unaided eye appears to be critically done by the computer. There can be a manual override.
dependent on his field of search. RAID-type data can
reduce the search field. It can also allow sector scan Automatic system checkout. This is standard practice
with an on-mount acquisition sensor and shorten ac- with digital computers.
quisition time. Dynamic system calibration. As described in Section

3X optics. Magnification is required in the optics for 5.8, this is a method of using an internally generated
ground to ground fire. It will pay off in aircraft track- course to check the boresighting and computational
ing when the man has effective regenerative tracking to dynamics of the system on a firing course. An addi-
simplify his task. With conventional rate or rate-aided tional check of the sensors is made by tracking any
manual tracking there is no payoff. passing target with zero time of flight set in the

Adjustable dispersion. This allows gun dispersion to computer. Automatic confirmation of system function

be set to whatever value is determined to be the best might be done by a small sensor on the gun receiving

compromise after the system is in the field and experi- laser reflected pulses from the target.

mental data on its performance is obtained. Infrared search sensor. This is to assist man in

Present position smoothing. At short times of flight, acquiring targets at night, but only in fair weather, A
with good data smoothing, the error in present posi- radar is preferable.
tion is almost as important as the error in measured Automatic imaging tracker. It remains to be seen
velocity. It is easy to accomplish with a digital whether regenerative tracking will allow the man to
computer. provide precision angular data. There are many types

Ammunition status indicator. This is a low priority of imaging trackers in existence, ranging from TV
item but would help to inhibit the gunner from empty- trackers to IR imaging trackers. The contrast-seekers
ing his ammunition drum before the target came developed for air to ground homing missiles have a
within effective range. frequency response with bandpass several times that of

the man. They may provide more accurate tracking
6.1.3 Moderate Cost, High Payoff Items than hot-spot IR trackers, for example. Their capabili-

Regenerative tracking. Although the servo loops of a ties and costs need to be evaluated in depth.
sensor system incorporating automatic tracking might On-mount cooperative IFF AFAADS will have
be made tight enough to perform satisfactorily if the greatly reduced effectiveness if firing must wait on
target is not obscured, regenerative tracking is required visual target identification. Conventional IFF may be
if the man is in the tracking loop. With only conven- helpful. The problem may be solved when the Army
tional rate or rate-aided manual tracking, the potential has its planned Army-wide vehicle location and posi-
of a good fire control system is unlikely to be realized. tion determination and reporting system in operation.
The regenerative algorithms also allow tracking when
the target is obscured, or when the laser misses a few Automatic muz:le velocity meaturement and computer
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adiu, InI Oerlitkor. has a %sstem of this type opera- Combat record storage of enem' target paths. If en-
tional. Whether the Oerlikn svstem could he adapted emy attack paths are recorded in combat they can he
to the (failing gun is not known. Its value d&pends on periodically analyzed and advantage taken of the fle\-
qualitt control of ammunition and empirical estimates ibility of the digital computer to adjust the prediction
of the' effects of eun tube wear. po%,der temperature, modes and decision algorithms to best counter enemy
etc., on mu/zle velocitN Somewhat similar information tactics.
might he obtained from the dynamic calibration 6.t5 Relatively High Cost, High Payoff Items
scheme suggested above. but not as precisely or
reliahlt Surveillance radar (frequenct diverse). This fills the

Vight vight Ior ground to ground fire. This will be greatest need of AFAADS under all operating condi-
tandard Army, equipment when AFAADS is built. lions: early detection and position determination of

staondar This caupabilty wih geatl aueent is D sbuinirnestleaiethtul.oetilotargets. Even ander good weather, daytime conditions.
aJster titritet designator flr support pIre, ground to the man without aids is not likely to detect targets at

ground T~his capability will greatly augment AF'AADS sufficient ranges to realize the full potential of

ability to provide support fire. If the laser range finder AFAADS. Frequency diversity is a protection against
can do double-duty, the capability may be realized ECM.
economically. Tracking radar (K-band, frequenc" diverse). This

6.1.4 Moderate Cost, Moderate Payoff Item radar satisfies the requirement for accurate tracking under
all environmental conditions. K-band (preferably Ka) allows

Two-man mount. The self-propelled version of a pencil beam with reasonable size dish, Frequency diversi-
AFAADS will certainly carry two and possibly three fication is a protection against ECMI, reduces errors arising
men. This allows one man to conduct the surveillance in glint, and may reduce multipath errors.
and target detection function continuously, while the Ccmputer processing to reduce multipath effect. There
gunner disposes of targets already acquired. are some indications that the computer can be used to

Automated firing doctrine. Further analysis is re- assist the radar in separating the real target from its
uto bed tg dcthne. cmurter cana s multipath image.

quired. It may he that the computer can provide a
greater assist in indicating when to fire than the ear. 'r On-mount noncooperative IFF. The potential, feasi-
mentioned lire indicator which based its indication bility, and complexity of implementation have not
solely on range. sensor lockon. and computer settling. been assessed. The concept is to use pattern identifica-

tion techniques based on computer analysis of the
IR hot spot tracker. This should he the least expen- adar signal. or the laser return from the target.

sr.e o1f the automatic trackers. Its possible accuracy has
not been evaluated in this study. It is limited to fair 6.1.6 Relatively High Cost, Moderate Payoff
%4.ither, but give% a night capability. Items

Dithered di.per•-un. Computer simuiation indicates Defended point prediction option. This is a new pre-
that with good tricking and prediction, the optimum diction scheme. It worked well on the simulation. It
dispersion (angular) will be only 2 or 3 mils. If the may he expensive in computer capacity and that aspect
s,,stem muit function in a degraded mode. it might be needs to be analyzed. It should be tested against real
desirablc to have a quick means of increasing disper- target attack raths. Its effectiveness and value mav
sion. Ths ,secms feasible with dither. Variation of increase as free-maneuver bombsights come into use
optimum dispersion with range and other parameters by an enemy.
needs to be further evaluated and. if profitable. might Gearles.s gun and sensor servo drives. These need to
be implemented ht, dither be investigated for cost. performance, and possible

fIoppier range rates. The simulation indicated that application to AFAADS. They may allow higher servo
Under normal operating conditions the olution is not performance with reduced wear and make aithering
.i% cnlitive to range errors (and range r ite errors) as to dispersion more attractive.
Ainguilair :errors. I-urther analy'sis of regeneration mayiredicaterrr d thgeto bederivedl' fromfprecisenrationge mDigitized terrain storage. This can aid prediction
andicate advantaguch to he derived from precsti range against terrain-following aircraft, and may help reduce

tliht ,ian he oat.ined Iwithout using angular f ridar multipath errors. It has not been possible to

lorm•h ti on. evaluate its potential and cost in depth in this report.

Ranig'e estimarte reg'nL'rtttifn mode. It is desired to Crov5 mount triangulation on aircraft with on-board
pr .' rerse as much cap it~ isn possotib, deiren whn ECM jammers If range information is denied by an

rrc,,r~cr as,, much c'arahiity as, ri•,,+ihle even when ,ircraft earrying an on-board jammer. range coul d he
timge information is lo rstg ihi' he a 'range-keeping' obtained by exchanging angular information across
.,lysr•thni w~hich i.lh, r.inge to bc generated cnitinu- AFAADS mounts and triangulating.
oaslls, h,li.cd ,'n i af ngc realdings• o. estimates, s.et in

inr it itt'rcittl Integrated forwtard area air defense information net.

(1-4



This is expected to be the natural direction of growth life. The Army still uses the World War 11 quad-0.50
of the Army's air defense regardless of AFAADS. and 40mm Duster. We therefore assume a 10-year life
However AFAADS will benefit from the improved for AFAADS. This assumption means that procure-
information on enemy targets. ment costs will be amortized over 10 years. and are

likely to he dominated by operating costs, which in-Radar projectile tracking. This could he used in euepronladmitnne

dynamic system calibration, as well as constituting a clude personnel and maintenance.
method for measuring muzzle velocity. We also assume procurement of enough AFAADS

Full stabilized ssem including the fun for fie o fire units to equip one field army (12 divisions) with
about 576 AFAADS fire units. This means thatthe move. Although feasible, the payoff is expected to RDT&E costs will be spread over 576 fire units.

be low with relation to the cost. Sight stabilization It
alone is considered adequate and preferable.

6.2 COST CONSIDEmATIONS N = number of AFAADS fire Units procured.

Cost enters the AFAADS concept formulation prob- S = a service life of 10 years.
lem in two ways. The complete life cycle cost of the Ca = acquisition and activation cost on a per fire unit basis.
AFAADS system determines, in conjunction- with its
effectiveness in a tactical context, how successfully Co = annual operating costs on a per unit basis.
AFAADS can compete for funds against other possible
allocations of the Army's always limited budget. This Cd = development costs.
determination involves many factors beyond those
susceptible to resolution by analysis. LT- = total life cycle cost of a single fire unit.

Cost also enters concept formulation in the choices N) + C + CoT (6.1)
among alternate ways of solving the problem: in this
more limited context it is the system designer's tool. We now estimate the life cycle cost of an Air De-

For present purposes we need to consider both ways fense Arillerv Battalion which can be attributed to
of using cost estimates, but our principal interest is in AFAADS. It is assumed that the battalion may contain
the cost implications of design options. We cannot, both AFAADS and a missile system such as Chaparral.
within the scope of the present contract, attempt to and that battalion costs and personnel are allocated
estimate the level of life cycle cost at which AFAADS equally between the two systems. Two estimates are
and missile systems become competitive, for example, made: (1) a high estimate for a self-propelled battal-
although the work done in the present effort will ion, with a rather sophisticated AFAADS. and (2) a
certainly assist in such a resolution. battalion using towed-AFAADS and a possibly re-duced fire unit capability.

Total life cycle system costs, however, reflect down
into the design option comparison, as will be shown. A rough estimate of AFAADS fire-unit costs bounds
Fortunately, the effect of uncertainty in life cycle cost is obtained by comparison with similar systems on the
is gremtly reduced in its implications on design option basis of very limited available data. The systems com-
comparisons: so that at this stage in concept formula- pared are: the obsolescent Skysweeper, Vulcan, and the
tion. one need not detail all elements of life cycle cost. current Oerlikon system.
In this section the object is to develop a systematic Skysweeper. a 75mm antiaircraft gun system with
basis for making cost-effectiveness trades as the on-carriage radar and fire con, ol system cost about
AFAADS program goes forward. The cost estimates 313,000 dollars in a towed configuration about 15
should be considered as illustrative, rather than defini- years ago. This is equivalent to about 500.000 dollars
tive at this time. in 1970 dollars.

6.2 1 Life Cycle Costs Vulcan is believed to cost about 280,000 dollars in a
We begin by making a base-point estimate of life self-propelled version. The current, modern Oerlikon

cycle costs of AFAADS assuming that AFAADS would system with both surveillance and tracking radars, twin
be integrated into the Army's air defense in a roughly 30mm guns. and a self-propelled tracked mount issimiar ay o tat n wich ulcn ad Caparalate believed to cost from 800.0O() to 1,000.(!00 dollars
similaoorato, teach: of which about half is believed to representincorporated. radars, computer, operator displays and other fire

Costs are considered in three major categories: control accessories and components.RDT&E. Acquisition and Activiajionr and Annual
Operating Costs. A more detailed subdivision is Andi- Arranging this limited. unofficial and unverified costcated in Figure 6-1. information in tabular form. we obtain the valuesnigure.. shown in Table VI-2. It should also be noted that the

Antiaircraft guns. historically, have a long service cost of system element, ,ire also estimates.
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Figure 6- 1. Factors Contributing to Total Cost of Ownership

1.

Table VI-2. Very Rough Fire-Unit Procurement Cost Estimates of Air Defense Gun Systems

Weapon System

Skysweeper V'ulcan Vulcan Oerlikori AFAADS AFAADS

Niobittiq Towed Towed Self- Self- To%%cd Self-propelled
Propelled Propelled

Gross W5eight (lb) 20,000 3000 26,000 20,000 40,000

Cost (1970 doulars)

Gun -18.000 18.000 - 30,000 30,0001

Gun. Mount. and Ser~os l20.00 120,000 300.000 175,000 175.000

Vehicle - - 00O.000 200,000 - 150.0001

Radars, fire control, 60.000 60,000 60,000 400,000 150,000 400.000
communication and*
other electronicsI
and displays

Cost per fire unit. 5500.000 St 80.000 S280.000 S900,000 53 25.000 5725,000
not including cost
of tow vehicle
for towed.

configurationsf 3
00678-603

The AFAADS fire unit costs have next been ex- dollars spent for high effectiveness in a combat envi-
pended into total life cycle costs for the AFAADS slice ronment will be well spent. We show later how to
of a hypothesized ADA- Battalion. assess this trade explicitly. The second conclusion is

Dev elopment costs are not shown explicitly at this that manpower and maintenance are iikely to be the
time. The battalion is aqsumed to include 3? 4AFAADS principal contributors to life cycle cost. Hence. a iig-
fire units, and from 400 to 450 personnel. Results are nificant fraction of the development effort should be

on in Table VI devoted to obtatning- high reliabilit y low-maintenance.,ho% -3.features, and to the reduction in t'he numbers of re-
We observe that more than doubling the estimated quired support personnel.

cost of an AFAADS t ire unit on3, results in a 27
percent increase in life cycle cost.'Two conclusions In this context we consider the costs associated with
follow a once. The first is that the cost to operate any the possible inclusion of radars in the AFAADS sys6
complex militcar system in the field is so high that tem.

othe eletroncsI
anddislay



Table VI-3. Estimated Life Cycle Costs of 32 AFAADS Fire Units

Cost Lou Eslimate High Estimate

Acquisition and Activation Costs

AI'AADS fire units plus spares Sio X 106  S24 \ 1O6

Other battalion equips plus spares 6 \ 106 8 \ 106

Other activation costs, training. etc. 4 \ 106 4 . 106

Total S20x 106 S36 x 106

Annual Operating Costs

Personnel (at $7S00!yeariman) $3 x 106 S3.4 x 106

Maintenance 3 x 106 3.4 x 106

POL, Ammo, etc. I \ 106 1 x 106

Total $7 x 106 S7.8 . 106

Annual Life Cycle Cost for
10-year life S90 x 106 S114 x 106

00678-699
6.2.1.1 Radar Cost Estimates The cost estimating relationships are given below.

Acqui-ing a radar is like acquiring a wife. the initial The listed 'coefficient of determination' represents the
cost is small compared with the upkeep. We therefore fraction of cost that is explained by the CER formulas.
review some of the limited data available in the open The frequency range covered b these formulas doeslitera tu re o n th e co st o f rad a r o w nersh ip .' T h r q e c a g o e e y th s f o m as d e

not extend down into the K-band (16,000-35,000
The published cost-estimating relationships were MHz). If. however, the CER for procurement cost were

obtained from an in-depth analysis of ten items in- valid down to the K-band. it would indicate, for con-
cluding: Navy radar, sonar, and communications stant peak power output and number of active element
equipment. Since there were only four radars included. s peak tput a nd numbr of ct elmet
only limited extrapolation can be done. The examples groups (AEGs). that a KX-band radar would cost about
serve two purposes: they provide good insight into the one-half as much as an X-band radar.
cost buildup of radar equipment in service in the
Navy, and the methodology serves as a model for i mportance coutingiand virat
future Army analyses. This may alred have been isolation on maintenance cost, as indicated by the first
done bv ECOM. but results are no, available at the CER for maintenance cost, is important in the
time of publication. AFAADS context because of the shocks to which the

radar will be exposed while the vehicle is moving, and/Table VI-4 shows mean time malfunction data and o h u sfrn

mean time to repair for the four radars. The resulting or the gun is firing.

availability values range from 0.95 to 0.99. If these The importance of equipment reliability, and ex-
values cannot be raised for AFAADS. the radar or pressed in large mean time between malfunctions and
radars will probably constitute the principal reasons rapid repair. as expressed by small mean time to repair
for system downtime. Table VI-5 compares cost catego- is emphasized for the CER for total annualized cost of
ries on an annualized basis. The high maintenance isnemphized for the ta led cost of
costs relative to procurement costs should be noted. To ownership. which indicates that for the three classes of
keep AFAADS operating costs down. particular atten- equipment these factors dominate all other cost sources
tion must be given to the design for high reliability to the degree that together with the percent of utiliza-
and maintainability of any radars incorporated in the tion, thev can be used to explain 93 percent of the cost
system. of ownership.
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II Table Vl-4 Cost of Ownship and Operational Measures i

Annual Cost of Ovncrlhip _
SITB,", MART Intrinsic in Thousand, of Dollars

Radar A W60 236 2.1I 0.99 37.1I

Radar C 45.9 130 3.8 0.97 55.5

Radar D 44.7 118 5.6 0.9S 79.2

Notes. Projected equipment life is ten years, .

MTBM - Mean time between malfunctions.

MART a Mean active-repair time.

I
"Cost includes special support equipment.

00678-605

1
Table VI-5. Breakdown of Cost of Ownership

Annual Cost in Thousands of Dollar, for One Lquilimcnt

Ian and

I quipment Develop Procure Installation Maintain Operate Technwian %J-ldiI if . pofal I

Radar A 0.04 1.52 1.53 3.68 29 32 0.15 0.02 0 83

Radar B 1 25 16 74 7.84 11.03 19.02 0.96 0 29 4 76

Radar C 177.28 6 7-.29 20 40 0.39 0.51 2.82 V

Radar D 3 57 19 377 9.69 19 35 19.87 1.43 0.0" 5 85

"*l'nknown or not identifiable as a sc.iarate chaige to the Government. j
0067R.606

Radar Cost Estimating Relationships (CER) Groups)

a. Procurement Cost tDollars) per Unit Highest 224 to 9405 MHz

Log.(Cost)- 11.4509 + 0.0041436 (Num- Frequency:

ber of AEGs) - 0.000282 Peak Power 250 to 20,000 kw 3
(Highest Frequency) + Output:
0.000124 (Peak Po%%er Out- Coefficient of 0.99

Limits on put) Determination: I
Range of 82 percent to

Variables: Estimates: 138 percent
Number of AEGs: 41 to 1643 tubes and b. Maintenance Cost (Dollars) per 1000 Calendar U
(Active Element transtistors Hours per Unit (CER-I
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Log.(Cost)- 5.654 + 1.121 (indicator) NonE: One equipment operator assumed. Co-
1.449 (Vibration efficient of' Determination: 0.93
[solution) + 0.00312 (Num- Range of Estimates: 127 percent
her of AEGs)

Limits on e. Cowt of Operation, All Equipment. per Unit
Variables: Cost -(Estimated operating hours
Type of 0 - No meter% or CRTs per year) x (number of opera-
Indicators: I Meter% only tors) x (hourly rait for labor

2 - CRT,, class)
FVibration 0 - No shock mounts f. Dispoial Cowt. All Equipmnrnts, per Unit

Isolation: I - Some form of shock Cot0. (Isaltn Lbr
mounts Cost) -0.1 (Procuremrent

Number of AEGs: Transistors or tubes 76 to Cost)

'~ ~6.3 COST- EFFEC~TIVE NESS COMPARISONS
Coefficient of 0.96
Determ~ination: In fudging the effectiveness or AFAADS against its

cost, the most important consideration is beyond the
Range of 1(5 percent to scope of this report. That is the question of whether air
Estimates: 120 percent defense, by air defense artillery, will be required at Al,

c. Maintenance Cost (Dollars) per 1000 Calendar In Korea and Vietnam, the U.S. Air Force was able to
Hour perUni (CE-2)deny the aiir over the battlefleld to the small enemy air

Ho ur(C stpe Unit ( E -2 f.0 2 0 ( ih s orces4 so that there wa% no job for U.S. air derense
Lo&(os) 7.0 - .00210 Higest artillery,

Frequency) + 0.0000623
(Peak Power) + 0,12s Against an enemy with significant airpower and
(Number of Displays) resources to replace lost aircrart, this fortunate situa.

Limits ontion will be dif icult to achieve,

Variables: The Luftwaffe was able to maintain significant air
Peak Output 250 to 20.000 kw effort against Allied ground force* for the duration of
Power: WWII in spite of heavy losses inflicted by massive

Allied air power. and Allied antiaircraft Sun% filled a
Highest 224 to 5825 MHz critical need throughout the war,
Frequency: The land hattle in a future coniflict is not likely to
Number of 0 or I wait out the ucquiitifon of complete wir superiority.
Display Units: The defense of the ground force% in-depth alainst
Coefficient of 0.74 enemy air during the initial and interim period will
Determination: require the best possible ground-based air defense,
Range of 7 1 percent to In Korea, Vietnam. Lind the Middle East. ihe Soviet
Estimates: 175 percent Union has% demtonstrated thait an effective means or

supporting a technologically retarded country against at
d, Total Annual Cost of Ownersihip of Radar. So- modern air force is. by the provision of' surfave to airi

oar, or Communications,.e nit for I Year, weapons% This is at possible consideration In P.S. %up-
Based on a 10-Year Projected Life port of' mall nations or the Free World.

Log.(Cost)- 1,876 + 146.5 (MTBM)' + A second important conskideration in judging
0,0145 (Percent Use per AFAADS config uration option% is the frequency wit
Year) + 0.0924 (MTTRf which AFAAD.S will he req~uired ito operate it( night

Cost is expressed in thousandsof dollarrs and during uinlavora He weather. Trhe! frequenvy of
Limits onrain, cloud cover, 0haic, loS, et, in tilte probable

Laimites:o theatres. of opcr~iti n can be diewrniiiwd by anwlysis.
Variales:but the technological capabhility of a potential enemy to

MTBM; 94 to 2014 hours conduct tactical' air operations effectively under tuch

Utilization 27 to 66 percent conditions i% it matter of' intelligence estimaete and
Rate:forecasts It is, clear, nevertheless, that tile thrust of
Rate:modern military technology it. to achieve thle capabilitv

MTTR: 2.A to 5.9 hours of conducting miliwrý oper~ilionos 24 hours ia day

6.



I'eSirdlc%% o'r weather, and tactical air operations in Write C'2 *C, +AC 16.4)
VietnAm h... e A~ctulcraed this dervelopment.

The t.~o oreffctivnes meaure torthe where: AC is the Incremental cost ot adding a
AIFAADS %vslcnt is not easily resolved. At a high levmelnt
the Otc riavoins' or AFAADS is judped in terms or its Then the addition is cost-effectlve it its vcot incre'
vontritbuti-in io overall force effectiveoness, which In. meni AC Is;
Owli!% .srieiidiy unit% uaved from .air ittack and the cost 1(65to i.n e.*~ran in terms or lost and damagwed aircrat, An AC<Cl 0t 21I)aP11(5
evi,luaivin it that level would require a trarly elaborate
'war Sare' type or simulation, Prom Table Vol.) In $ecinn 6,2.1 the lit cycle cost

0or a %in le tire unit over 1(7 years operational lire isrhe mathod ilf coimp~arison used in the rollowtno from 275 dollarts to ).5 dollafos A .From the aboveparagriaph% i% more restricted. We compare an index or Apromlsion, anm option generating A 10 percent Improve.cffectivenciss against the system life cycle cost tn deter- mint In Eleoctiveniess is witrth Incorporating, It Itsmine d threshold criterion tor a justifiable increment In, contribution to the life cycle ccmt pr Aire unit, It leiscost in terms. ot the Incorement In effiectlyveness which it than 250,00 dollars to 350,000 dollars,
produces, A% will be seen, the rough estimates of lite
cycle cost previously obtainedi Are Accurate enough ror We can wee at once that the Initial estimate or lite
such a threshold criterion, cycle mls prvides us with a valuable refereine point,

and that rather large uncertainties In the elemeints of
The question at an elecutiveness, Index cannot bet the lire 1#ymle cost ttate will not signlficantly changet

answered uniquely. The probability ot killing at target the position ot the eas bounda ry that we d raw Wt-
on a spociflc course Is too limited. Average probability twoon ormstoff'eetivet and non goftieffetive options or
of k il over a wide variety ot course& would be betteor, conifigurations elements
but the statistics are not avahilable We use the kill. If the 100,000 dollar throleshold appears large1 uon-seond, Index previously used on the simulation as a sider the possibilIty of' A 40,000 dollar raar that costsconvenient screening device on the grounds that it 40,000 dollars a year to maintain, On a l0.Year basis itrepresents a capability of the potential of which can be wouldW add at east 440,00 dollars to tIlj stystem lifeutilized by at suitable tiring; doctrine. cyole east and so would he excluded unless the #Nove.

For hudo epenitur 1, e Ae abe tobuy I Veneto indes showed that It Improved system #Nec.
"a gie u gte p n iue I eaeihet u ivenu..s moire than about IS pruet"I For so lorge 0li/C' AM & tAS ire unitsi, where C is the life cycle cost uoit Increment, theOntot would ihave 41 be done moreper unit. The effectiveness, or the buy is El/c. wherre . caeulyis the Oefletienesso measoure ira iN cvmonstn, we wish toi aeuny

maIMt/49 I /C Ast another example, unnstderr the deovelopment oif
Improved aommunitiin The simuladtion results, showed

One mtght objlevt that A specifit. number or t hat amirmunition with improved ballistics improved
AIFAAflM units would he required. A poisi hI. Answer system performance by tactorsl or rrnm vi1 to 1.4. in
i. ihii target% or varying value are derende ly produrt inn ith Improvied muiiiswavld L411ithah~ut
Al"AAr), Anid at chalnge in the noumbter or AFAAAf the samei as proesent ammunition, And Popratmn~ osts
unit% reslults in the lit1rget of least value beingl unde' wudntbafeedsneiisPresumeod tha I tire ib
tunded, ho' that the variation or AD~A detensbe efrev. not A large stiok pile of' presenti aminunillon tn he
tivenobs whith runumers or APAADM Is aI smoothly writtion off. The Ito rovemeont facitor or I I. or Ill
valrying rather thsn at step runction, percent on each ottNo ssiu d buy ot V fire units,

woulimd make the Improvement desirable if heI research'hen, using the chosen Index i of ffemytivenes, I, and and development prociram could be accoemplished Fri'
the'I' life v cycle osn *It aper-firt unit bests.t C, we wish to 164 les han 0;70 to )(10,111t 11ollarsi, for I 7A dioarlsio litobtiain iheo maximum Vovalu ori P~ The job vian ceisrtinlt be done For d fro~tIon tit the

Amount indicateod. I1lls vice, riherforoet, tha1 the devel.(timparing two, £ipionsi oil diffeoreniwt iov~iiveness lipment for Improvced ammunitilon is coltqriecttve
41i-d co1st, We prteffr the second compared with the frirs, coisrsmet hems'flpiat'i'

it ilonot isted in grecun ii I trom it judlmoreiml anid a
I' C I > ,'C t, vioosi'ffec'ivoness point ir vie

4.,i *t Ib90a1d light
ior, gctoui-1i0e1ily, it A ma*jor adironitag loi a stAbilivted line oil sijihi is

Jl) ihAi, within the limits III the Gtbliheiipn liom Hp, Ilte
I , ~ :~ ~ 'I illht is tree of distuorbam es vaused by niorm ail suit



F

F motion, thock. and vibration produced by fiRSn. gain factor i,. it least 2.0 in clear, daylight operation,
mount flexure caused by riring. and vehicle pitch and and infinitu at night, or in had weather. a surveillantceFroll when In motion. radar is considered to he coost-offiecive.

At, a hasic design principle it was recommended that u~~terdri eindro h einn otUnt% tihh radtr is desene fhou hh hiiinn mfor onedo
the %gun dstl craev~e n th sou hi nvayne mouned houl high reliahility. low maintenance. and operation in theheo',lwr arag o Jsin ~ngo ogsol diffcult shock aind vibration environment of on-car-
he hauk-drlven so (hot within thN limlit of gear back. ringe mountingt, the maintenance costo, are likely toFlath, %hart resilloence, tic,, file gun million would not iedpotrmil4th)jacrof1.Aesgaffeci the sight million, %inc'e mvchanical dtiivcs are c ecced frotoircemcnt ont fir cyi ftorm or) hold A dyesg
Imperieat, we Would 0111Mt a %mall residue fit the guns betsol cse nlf&yl oss nhl 0ya
mniotn to Appar at the 61 hi pedestail even when ihe naiantenianvi: vosisi down toý no more than 3-times
gun is not f6ir nand the vot ice It not mo~ving. Siahilll' poueetcss
tation should efcilyeliminate this riltidueg. 62114 Trooking Mador

Onh jdmn a t th~dm ife cycle ithat astbli zed wesighno o t There arpdario ileveno witheernative toradaing frteman
tilhe costhiefted tigh t v Whl oe.iceet
incldin moiitnine~ve orPt r iso oat fwlracking prumar ior bakun ider l wearlthat condthos rEdan
thu huencas 4tlve iitraking I onlysidered to iidl a he trahin mand Iautmai trackin vin (Air weatherha wthe
11aino eratrt(aouliodot It percent whetn assoted withr Imaieoong41 whethier an he a upremore (m it nsidea-
iitimutiA trackong ofethsporindt nimpedeailoiltd tacinghthn And rio ro.evenawth rad enratv trackingIseta retmall*
*111heditions. The gun serhe can be u Alrhoudhswethathweithetheparatiune
th42 d1o not need te reenratkive primaty hfwvr theu oow eltatbt ~

deUg of brathv erouklamp it vionsidered lat hoie less lirigl ndevelopments in trackjing raar' nweather it
Jilingencto i when r 10eneratint i ho employeds t watther dmown t divthe c.anndt Ai rover frompact nd mouna-
is atradeoff betwe~nj uoservdom , hnismpdesgnad thein liompAtible repet, rhauda be un psIblettis ressentia fr il
use glifot r hegeer un in thisn vode of isperatil Megthn owever, ther opowielnopmn ot oudhv o
vrtii'n d matt alsod redue the olution riatl roevuir teen mri4dt heAAINrgrmf.astwr

dotign ~ ~ ~ ~ ~ ~ ~ ~~~~i desoh#rnlopoi olodrti oS t% Prion deormr n h inh irelabkiit randf low m eitendnc
taepniwen ijrerationt is emplntial to maitai hi h rorm. dosts Iindctd the sur~d.Averyllmanct a hould bont

1%~ eve wridTbthee automnati snir dtrkingl whnd the tm~in pihse "I mmtheul binngrthe p rgrtamt Ah s thequny
vtaret fis regeui.neatyi'lsue ytranosals ron In N oofroeainRlm Hoevr (cheJ divlipondtin eetive Wtldr i haveto
whe0n111 ldieeior, aso risu epetd *uith erlolaer requireen weathrt is ouer judmen thAa t dro tamIled %os werd
tin fder., unraleltly tises bi dtetveloped ofalvits ro,ulPAdSrh iniate develoment an

If maual rackng isa prmarymodehereitsn doilimat~ li't h rcigh reo yadnr tlow m[afinto enaces
Npiffintaallo inttepigt prioosd ltinde an aigcupratform. efectsrev inivo bad weather forec4iuireiWa its use a hens

011I olion onathe p towreditn prblem euIff oln IitI400h only tI peren mi igidi vnuithe t ofrgets v liroed to A hAd
whmIi ivgnetooii ak It Msuince Wthe man ilalway repre. Thedaihortait c,#ost jumre is he deaiedcst inrmntbtend
bAse ortkl se rmth aa where Autia blnd teff radaerivo We e tvo Woldo tai developmen ailndi
degranale flevitlimintrkig if piso monloe thate ihe ni ca1111lw 1 .t perl'tikinc rlifcrni,l inor vor o lt he rcdar

P1r11toff41 trIng d1111is I far outwe1oighe by the111 g10in1 in oin igii'l, wevon tNJwnhe r requiredis ito but hi aonjecur
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For this reason, and because in our study of predic- than 10 data points per second, while a value as low as
tion algorithms we indicated the desirability of per- five may be satisfactory. With up to four coordinate
borming some apparently intricate operations within inputs (including range rate from a doppler radar), the
the computer in maintaining several prediction modes input data rate would be only 720 bits per second.
in parallel, automatically switching from one to the Some consideration needs to be given to the possibility
other. etc., this section discusses in some detail some of of non-simultaneity in samples in the separate coordi-
the aspects of computer operation. Unfortunately time nares which would introduce small errors because of
has not permitted a complete computer sizing and high rates of change in the separate coordinates.
costing study in the present contract. The object of coordinate transformation is to do

We begin by noting that although a good solution to smoothing in parameters which vary relatively slowly.
the simplest, single algorithm prediction problem could If, as is considered preferable, a basic rectangular
he obtained with an analog computer, growth in ana- coordinate system is used, the requirement on data rate
log state of the art is limited, accuracy is less than that lessens once X. Y. and Z have been computed. It rises
of a digital computer, and although we have not again when the conversion back to gun orders is
carried out an appropriate life cycle cost comparison required.
we believe that whatever the level of solution complex- For thc linear prediction mode, with smoothing in
ity' a digital solution can be developed to provide position and velocity, six functions are subjected to
higher performance at lower cost. This statement, of positind ocy iftions are subjectedt
course, needs to be verified by comparative analyses in data weighting operations. If done non-recursively

with a maximum of 10 points for each function, 60
depthdata points would be held in memoryt For the qua-
because of the existence of applicable components, dratic mode, a maximum of 80 data points would be

Our simulation runs, however, have indicated that a held (Z is not used). This moderate number could be
rather substantial payoff in performance exists if the reduced by a factor of 2 to 4 by the use of recursive
computer can maintain several prediction modes in a smoothing.
current state simultaneously, and switch the appropri- The possibility that regenerative tracking would
ate mode to the gun based on suitable decision algo- work best with a different set of weights would lead to
rithms. It is believed that this capability is attainable
by relatively small modular increments to a digital a larger number of data points at this stage. On thecomutr, heeasitwoud e mrecoslyto mpe- other hand, the most likely mode to stabilize the "

computer. whereas it would be more costly to itaple- regenerative loop is simple exponential weighting
ment with an analog, which has very small memory requirements.

Moreover, as noted earlier, a major argument f'or the A data rate of 10/second is believed to he satisfac-
digital implementation of as much of the fire control tory for regenerative tracking. but this needs to be
system at, possible is the continued and explosive validated by analysis and simulation.
growth (it the state of the art in digital computers. Not
only are size, weight. power requirements, and cost to The piediction "riangle is solved iteratively, from the
do i given job shrinking rapidly. hut reliahility is smoothed positions, derivatives, and the ballistics. The
already very high, and automatic diagnostic circuits algorithm developed for the simulation (using a unique
reduce mean lime to repair to a few minutes, For an convergence method) obtained a solution to within
AFAADS digital computer, a mean time between fail- 0.001-see time of flight on an average number of five
ure of over S 000 hours and a mean time to repair of iterations. and never exceeded about 10. Solutions of
less than 10 minutes are consistent with current state the prediction triangle were within 0.5 meter.

(if the art. This capability would have a healthy effect The solution rate of the prediction problem, how-
on life cycle cost. ever. must be considered in terms of the required data

With regard to word size in the computer in Section rate to be applied to the gun. If the digital to analog
5,14A4 an overall system instrumental error of Ils€ than conversion is visualized in its simplest form as trans- 4

2 mil% or 2 meters (the larger salue controlling) was muted via a zero-order hold. the associated lag error
suggested as an objective, This would be easily met caused by angular velocity is equal to the angular
with an 1l.hit word. and fewer bits might be velocity multiplied by half the interval between sam-
acceptahlec pies. For the most difficult course considered this

In the dicuion of the effct o numer of samples uggests a data rate to the gun of about 50 data points
on the datasmnoothing function, itwaindicate d thsatps per second, This may be relieved by using regeneration

in the Jawa smoothing function, it was indicated that in a feed-forward mode since the derivatives of gun
an upper limit to the useful input data rate was set by motion can he computed by methods given in the body
the autocorrelation in time or sensor errors A fre- of the report.
quencv diverse tracking radar would make the best use
of a high input data rate. hut even in this case there If five iterations are required for each data point, the
,vcms t, hc little advantage in an input rate (if higher output rate of 50 per second would require 250 trial
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solutions per second. The five iterations can probably Since the present discussion contains more judgment

be reduced by reducing the time of flight solution to an than analysis, we prefer to terminate it at this point
incremental one working from each previously ob- having indicated a general method of approach to the
tained time of flight, and possibly taking advantage of prohlem of cost-effectiveness trade-offs in component

the rate of change of time-of-flight algorithm given selection as the AFAADS program goes forward. We
earlier in this report. This is only one of nany pro- conclude by reverting to an illustrative example of how
gram design trades that can be applied to balance overall systems cost-effectiveness comparisons may be
algorithms against memory against computer speed. done. This is contained in the following and final

section of this report.
If the quadratic prediction algorithm is carried in

parallel with the linear algorithm there are two possi- 6.4 SYSTEM CONFIGURATION
bilities for implementation. One is to continuously
compute gun orders by both algorithms and switch in In Section 6. 1 about 40 design options were offered
accordance with the decision algorithm. A more eco- for consideration in system configuration. A basis for

nomical method is to carry )nly the acceleration and selecting options was provided in Sections 6.2 and 6.3
target rate of turn computatlns, and switch them into in terms of cost-effectiveness. To place these in a more
the prediction triangle solution when the quadratic coherent perspective, three tentative system configura-
option is called for. If the prediction triangle is being tions are described in the following paragraphs. Al-
solved at a rate of from 50 to 250 times per second, though it is believed that the components shown can be
the lag involved in the latter, and more economical justified by a thorough analysis of effectiveness and

procedure would be negligible, cost, this section should be considered simply as an
outline of how alternate configurations may be com-

The defended point algorithm is somewhat more pared on an overall basis.
complex. The several decision algorithms are carried The three systems considered are: (I) a day. fair-
continuously, but the prediction relations need not be weather system. (2) a day or night, fair-weather sys-
solved until the algorithm is called up. The computa- tem, and (3) an all-weather system. Their elements are
tion of decision measures and their comparison against listed in Table VI-6. Life cycle costs have not been
thresholds can be satisfactorily done without iteration worked out in detail, but to make the illustration
at a rate of 10 per second. Once in use, the number of concrete, guessed life cycle costs are listed. It is as-
solutions of the prediction problem per second would. sumed that the life cycle'costs of a single fire unit over
as in the case of the simpler algrexclusive onthalgorithms, depend on the a 10-year period. exclusive of costs of the fire control
data rates required by the gun servos. system. but including a proportional allocation of

The data rates indicated above are relatively trivial overall battalion costs, is 2.3 dollars x 106. To this
in the present state of the art of military - basic cost. an increment is added which increases withintepeetsaeo h r fmlt•computer tecmlxt ftefr oto ytm
technology. A typical central computer for a modern the complexity of the fire control system.

fighter aircraft has an input/output rate of 10'-bits/
second, and a computational speed of 10' multiplica- Effectiveness is arbitrarily estimated against a base of 1.0

tions per second. for the all-weather system. I1 is assumed that weather
would prevent the fair-weather system from functioning 20

Our judgment at this point is that a digital solution percent of the time. The fraction of enemy attacks taking
will cost less to implement than an analog solution place at night, regardless of weather, is assumed to be 50
(except for possibly the simplest, approximate. rate x percent. Tracking with the K-band radar is assumed to

time solutions), and that its maintenance costs will be generate at least a 10 percent higher effectiveness than
negligible by comparison, tracking with any of the non-radar modes. The day/fair

If we estimate annual maintenance cost of an analog weather minimal system is further degraded 50 percent
solution optimistically at one-third the procurement because of its lack of surveillance radar. Figure 6-2 shows
cost, and annual maintenance cost of the digital solu- comparative costs and effectiveness of the three configura-
tion at one-tenth procurement cost. a digital solution tions. As shown by the lines drawn from the origin, the
having twice the procurement cost of an analog will all-weather system in this illustration is preferred from a
have the same life cycle cost. In fact, we expect the cost-effectiveness point of view.
procurement cost to be less. and the system effective- The comparison is, it must again be emphasized, not
ness to be higher by a factor of at least 2.0. significant in the results shown but as a method for

We therefore believe that further analysis will show comparing more carefully done ,ystem configuration cost
a digital computer solution to be cost-effective, and effectiveness analysis.
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Table VI-6. Hypothetical Comparison of Configurations Having Various Capabilities (Sheet 1 of 2)

Capabihtý

-unctionDay D Iair Weqther Day !Night I-air Weather All Weather

Surveillance and Detection Visual + RAID Radar or IR Radar

Angular Tracking Visual with Regenerative Imaging Sight with K-band Radar
Tracking and 3 x Magni- Regenerative Tracking Imaging Sight Back-up mode
fication and Automatic Visual. Second Back-up

Tracking Mode, Visual Mode
Back-up Ctoss-mount Triangula-

tion vs On-Board
Jamming

Ranging Laser or radar with Laser or Radar with Radar, Laser Back-up with
Regenerative Assistance Regenerative Regenerative Assistance
for Estimated, Assistance for for Estimated, Intermittent
Intermittent Range Ettimated, Inter- Range Back-up Mode
Back-up Mode mittent Range Back-

up Mode

Line of Sight Yes Yes Yes
Stabilization

Prediction Linear + Energy Linear + Energy Linear + Energy
Algorithms Quadratic + Energy Quadratic + Energy Quadratic + Energy

Altitude Prediction Altitude Prediction Altitude Prediction
Cut-Out Cut-Out Cut-Out

Automatic Option Automatic Option Automatic Option
Selection Selection Selection

Digital Computer Digital Computer Digital Computer
"with Automatic 'A lth •hl to mll wkith1 AUttoinatic
System Checkout System iiheckout Sy ste.m Checkouit

%capnn aind Ammn M1asimum Muizzlc S-Saw:e s Ia% i ir Sim.: a, Da%-I air
(Cha r cte.risti,;h , VelOCl t% %%t %Nctc \,•"jthI1."r

Minimum Projectile.
Drag

High HE Content
120. 1200. 3000

rpm Options
Adjustable or

Variable
Disperion

['fring l)octrine Aids Indicator larget In Same as 1)3% F31r ALitornatic [iring
Range, Sensors \kea~her l)octrine
onOualiry Of
Solution

a

Ballitics A ind Correction Saint as I)as Iair Same as D)a I air
Automatic Muzzle VCutlier \\ cathcr

Velocity7 Measurement and
, Correction

I). nalnim Calibration Yes Yes Y'.,

I
00o618.611- iit2)
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Table VI-6. Hypothetical Comparison of Configurations Having Various Capabilities (Sheet 2 of 2)

Capabtlit'

Function D)a Flair Weather Day -Ntight t\ e'ithcr All %eatllicr

I r.ycjr Life Cycle Incre- $600,000 $1.200.0(10 ,1,800,000
,inntal Cost ot Fire
Control per Ilrc Unit
Including RDT&L
Procurement and
Maintenance

10-N eat Life Cý c le Cost 52,900.000 S 3,500.00) $4, 1 0f0t000
Per Complete Fire
Unit Including
Allocated Share
of Battalion
Costs

Comparative Effec- 0.1 0.7 1.0
tnieness Assuming
50 percent Night
Attacks and
20 percent Bad
Weather

Im

Iiutt,'K.h(3 u2 If 21

ALL WIATHIE/
/

/

COMPARATIVE EFFECTIVENESS

/7/

///

FIE NI ALLOCA TED coal
02M-EXCLUSIVE OF FIRE CONTROL

ANO SENSORS

0 -

O 100 s0

TOTAL IOYEARA IlFI CYCLE LCOST Il4iILIQ41 0F OULLARS,

Figure 6-2. Comparison of Overall System Cost and Effectiveness
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SECTION '7
RECOMMENDED PROGRAMS

It was desired that the study pinpoint areas in which and analyzed in a systematic way to reveal the interac-
improvements in the state of the art over that pre- tior among target flight-path characteristics, control
dicted for the postulated time period would result in dynamics. and human performance. The txisting Vigi-
significant improvement in the overall performance of lante mount, which incorporates regenerative tracking.
the fire control system. It was also desired that the should be used to collect additional data on this mode.
study list basic data that are required for adequately Laboratory experiments incorporating a human opera-
conducting studies of the present type and are not tor. antiaircraft type forcing function, and appropri-
currently available. These topics are addressed in the atelv varied control dynamics including regenerative
present section. In addition we list areas for further modes, should he used to define the desired dynamics
analysis which are important to predicted-fire, air of an operational system; and the system thus defined
defense system concept definition, for which limited should be brassboarded and tested in the field.
time has prevented adequate in-depth exploration in 714 Imaging Trackers
the present study.
7.1 AREAS FOR FXPLORATORY AND The tracking accuracy obtainable with imaging
ADVANCED DEVELOPMENT EFFORT trackers, both in the visible and infrared regions, in an

automatic tracking mode against aircraft targets
The following paragraphs describe various areas should be investigated. Performance of existing track-

that merit further exploratory and advanced-develop- ers, of which a variety exists, should be collected and
ment efforts. analyzed. Of particular interest are the 'contrast seek-

7.1.1 Radars ers' developed for air to ground missiles. Experimental
brassboards of the most promising trackers should be

Increased effort should be devoted to frequency assembled and tested against actual aircraft targets.
diversity, polarization diversity, and computer process- This program should be run in parallel with the pro-
ing of radar data to improve countermeasures immu- gram for improvement of human performance by
nity, reduce multipath errors, and increase tracking regenerative aids. Automatic-imaging trackers should
accuracy by broadening the glint spectrum. This will be able to track whenever the mar can track. as well as
improve thie effectiveness of both surveillance and at night or in clear weather when the man cannot track
tracking radars, without aids. Designing an automatic-tracking mode

Development should be initiated on a K-band track- into imaging trackers will avoid possible performance
ing radar, preferably K,-band. utilizing the above degradation as .i result of using the man to track the
improvements, image. It is noted that cxosting contrast seekers have

been orerated experimentally with 4-Hz servo hand-
Radar development should incorporate special fund- widths. The possibility of extending trucking range by

in$ from the beginning of the program to obtain very laser illumination should be investigated.
high reliahility and low maintainability requirements
in the difficult shock and vibration environment of the 7,1,5 Losers
AFAADS on-carriage mount. The normal development oft' laser,, is expected to
7.1.2 Target Identlfioetlon by Noncooperative provide satisf.ctior, r,,nge and beamwidth when re-
Moons quirvi for AI-AADS A more eflicient way of provid-

inp the required capability. prelferablu to the brute
All air defense systems will benefit rornm it fast, force method of increasling power. is tn increase the

reliable method of identifying aerial targets without sensitivity of the detector. Better detectors, will allow
the ubc( of conventional IFF interrogators and respond- lahers to, operate at lower power. with longer life.
ark. Digital computer analymis of the reflected radar greater reliability, and lower maintenaminc costs. [Ifort
pulse, by Fast Fourier 1"ransform or more sophisti- to improve detector %ensitivil• should he increased.'
cated means, or .inalysih or the reflected lasler pulseb by
holographic or other means may he eventually I'eaible. l.,s'rs should also ',e considered it, c'itluncth•of with
Exploralory developmrnt programs in hibi area should the imaging irtrckern, det,%rib.d ailher, ais i inc-ins. uor
he expanded and atiprnenied extendinit ringe and spe¢truni of operatting conditions
7,1. Humen Operator Performanco In the he-ond th.ii aitatnahle with pasise imagting a.lone

Tracking Funollon 71.11 Digital Computer
I sisling dutla ion the performance of the human I'llh s1t1d4 h11s in1lisieaid e nigiili.,n pitpnnlial aidvan.

iperator in tracking aircrafl targuts ishould he c'ollecied tages, in Ihe u.c ill a lire untfill •setrnt hasinrl severitl
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optional prediction algorithms, wjth automatic corn- 7.2.1 Combat Data
puter selection of option, and automatic switching A great deal can be learned from combat data as the
among options even while an engagement is in process. British demonstrated in World War 11. but although
It is believed this flexibility can he attained at accepta- the Army has an excellent program to collect, analyze,
ble cost. within reasonable size only by a digital com- systematize, and apply vulnerability data from Viet-
puter. The life cycle cost of digital solutions, moreover, stm , a n apply ln e d from Vie
is believed to be lower, by a large factor than the nals aseareu ofilong continued ef ort hequivalent caaiiyin an analog. Ballistic Research Laboratories, a comparable program

capability to evaluate the overall effectiveness of enemy antiair-
The maximum payoff from use of a digital computer craft predicted fire weapons to obtain objective esti-

will be realized, however, only if digitalization is used mates of the effects of range, speed, altitude, and
throughout the AFAADS system to the maximum tactics on weapon performance under combat condi-
degree possible. tions apparently does not exist. A program of analysisS~of combat data from Vietnam could yield:

On a broader basis, even more economy will be

realized if a program is laid out for the 1 a. The paths flown by our aircraft in attacking both

introduction of digital computation into systematic undefended targets and defended targets for
inrmodsgunctie onigtrol systems.pu itationi l of sche aeach of a wide variety of munitions. These pathsArmy's gun fire control systems. Initiation of such a would be of inestimable value as inputs to simu-program would require more detailed justification than lations of proposed predicted-fire systems.
can be offered here, but the impressive continued
reduction in weight, cost, and power requirements of b. The combat effectiveness of enemy predicted-fire
digital computers and their very great increase in systems. Since some information on the type of
reliability suggests that such justification would be fire control used by the enemy is probably availa-
easy. ble, this could be used for check-point runs on

simulations to improve their validity. A program
At the same time the Army does not want to load its of this type should be instituted and maintained,

logistic, training, and maintenance systems with sup- even if at times it drops to a fractional man level.
port requirements for a number of different special
purpose computers. An appropriate family of small 7.2.2 Proving Ground Tests
computers, adjustable to fit specific needs by modular The Army has been testing predicted-fire systems at
additions, would seem both feasible and economical. proving grounds and test ranges since 192 1. There has
With reasonable foresight. the modules could easily be been no sustained effort to correlate this information
replaced when appropriate as each new generation of across tests to establish a reference basis for the evalu-
computer technology allows an increase in system ation of new systems. Of more critical concern, there
capability at further reduced cost. has apparently been no consistent program to feed the

It is believed that the Army already has a program results of each test program back into the development
of this type. but it is not known whether computers for program to guide the allocation of funds to the areasmost critically requiring improvement.
fire control systems of predicted fire weapons are m
included in the plan. Clearly. they should be a part of The present Vulcan and Vigilante programs could
the overall program. serve as models for continued effort of this sort, and

the effort should be maintained even at a minimal level
7.1.7 Weapon after their completion.

Effort should be continued to increase muzzle veloc- 7.2.3 Noncombat Information on Target Attack
ity and reduce projectile drag. Continued payoff be- Paths
ond the limits considered in the present study The JCS experiments, Air Force experiments at Eg-

indicated. The interaction with projectile payload and lin Field, CDCEC experiments, and many others have
terminal effectiveness should be considered. Increased
muzzle velocity will introduce considerations of tube generated a large body of information of aircraft and

life and barrel heating. Hyper-velocity projectiles, per- helicopter target paths under simulated combat condi-fin sta b d barree heating.idyp er- edowith projetilesaperd t tions. This information should be collected, abstracted,haps fn stabilized, should be considered with regard to summarized, and put into a form in which it could be
compatibility with the gun loading mechanism, and in used by the designer of air defense weapons. At pre-
terms of overall system effectiveness. sent it is widely dispersed.

7.2 DATA COLLECTION PROGRAMS 7.3 RECOMMENDED AREAS FOR

The 'data bank' on the observed performance of CONTINUATION OF THE PRESENT STUDY
predictCd-fire weapons is widely scattered, uncorre- The following areas of effort are recommended for
lated. and suffers rapid attrition with time as agencies consideration, and review in conjunction with the
are dissolved, relocated, or have their files purged. Army's needs, as direct continuation of the effort
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reported in this report. The effort is categorized in the overlaps with the further study of weighting
subareas of: (I) simulation improvement, (2) data functions for data smoothing.
acquisition and analysis, and (3) air defense system f. Study of Recursive Smoothing Algorithms. The
analysis and evaluation, present study indicated that the smoothing func-

7.3.1 Simulation Improvement and Additional tions applied to measurements of target position
SSimulation Studies and derivatives should vary with time of flight,fa. Improvement of Target Mndel. Because of limita- and possibly with other parameters, It also indi-

tions on time. the simulation runs described in cated that finite memory smoothing was likely to
the present report were run with a circular vul- create compatibility problems if the resulting

nerable area representing the target. All of the rates were used for regeneration, particularly
nra relementsexstin the paresent. A u owith regard to quick settling. Recursive smooth-computational elements exist in the present simu- ing needs to he investigated, with the possibilitylation to allow the target to be represented by a that two sets of smoothed derivatives should be

fuselage ellipsoid and a thin flat plate wing, with
proper angle of bank, Only a small modification generated. one for regeneration and one for
to the target vulnerability program module is prediction. This topic requires both analysis and
required. It is also possible to separately count simulator verification.

T hits on the target and kills to provide estimates g. Interrupted Tracking, The simulation now incor-
of both damage and destruction. porates the capability to periodically interrupt

b. Improvement of Gun Dispersion Pattern. Because tracking inputs and continue prediction based on
of limitations on time, a circular dispersion pat- regenerated velocities. Time did not permit this

tern was used in the runs described in this report. capability to be exercised in the present contract.
A relatively simple modification of the appropri- The divergence of the solution with time under

ate program modules will allow dispersion result- this mode should be investigated.

ing from muzzle velocity dispersion to be intro- h. Operation in Degraded Modes The simulation1 jduced properly, and to examine the effect of now incorporates the capability of switching on
noncircular gun dispersion. This will allow the command among the prediction algorithms in it,,
value of noncircular dispersion, and dispersion repertoire during an engagement (as well as au-
automatically varied with range, and other pa- tomatic switching in response to decision algo-
rameters by means of gun dither to be assessed. rithms). This can he used to study system per-

c. Improvement of Tracking Noise Simulation, If formancc in degraded modes, as when range
bettar information can be obtained on the way information is suddenly denied. Algorithms for
ttregenrating range based on intermittent and/orthat the standard deviation and power spectral retimated ranges are presented in this report and

density of glint vary with target angular velocity they can be validated on the timulation.
and aspect, these can he incorporated. The width
of the glint spectrum is expected to increase with i. Develoipment of Firing Doctrmin and Algorittlm.
increased target angular velocity, for i/.k Automation. Hring doctrine was treated

d. Study of Terrain Following Aircraft, Time did not only lightly in the present study because of limi.

permit aircraft and helicopters flying nape of the tations of time. It needs to he analyzed in some
earth paths to he studied on the simulation. Thib detail particularly with regard for it% impli'a.

tions on the ammunition load that should hec a n he d o n e i n t w o w a y s: I( I ) b y g e n e r a t in gc a r e ti t h m o n .I A d t o , t h a i il y
appropriate paths consistent with the analyses carried on the mount. In addition, thc feasibilitycontine inthisreprtand2 usng ctul f, and a~ppr,)priate algorithms, for ,automatedcontained in this report, and (2) usingi actual firing doctrine. a% suggested by Mr, S. Olson
aths recorded in the field with real aircraft and shon d or ed by Mr. S. Olsonhelicopters. should be etplored by analysis and simulator

verilicatitin
c. Increased Detail in Representation of Regenerative 7,2,2 Data Aoluisition and Anallsis

Tracking and Servo Loop.t qof Sensor. and Gun. In
the simulation runs made for the present study, a. klight Putthi Iata, file simulation can easily he
Aervomcchanitm pcrformance wii. included in _i:_rid .4giunt !iaruei paths, recorded by track.
terms of lag aj a function of the apprlpraMle ing real ,,rcrilIt A large body ,of this data exists
derivatives. Regeneration was approximated In a it various ageit Ci. llt11 should he reviewed and
semlrealhstle set of approxlmalloins, A rather evaluated If) to check the assum ptlion about
careful study Including hoth dnalysis and simula- flight paths made in eicnermtinl the simulator
tion needs ito he done at the next level of detail courses in the preerit ,iiudý, and (21 It select
or system representation to determine and optl. appnouprale reid flMihl pathl% iigaifnls which o to st
min. the cirutll parameters and time constants the 'anddidte prdcltion *,ll.'rnithm • leveiltped In
parti'ularly in the cose of regeneration. 1hit the preset sluid I si' aI su h real data .ould be

7.1



a convincing argument that the algorithms and 7.3.3 Air Defense System Analysis and
the decision thresholds proposed in this report Evaluation
will work in real lire. Although every effort was a. Expanded Scope of Armament Characteristics.
made to use *plausible' target paths in the present The present study was concentrated on the 37mm
study. it is considered that the value of the over- Gatling Gun. Since all of the analytical method-
all effort would he greatly enhanced by tests on ology and simulation characteristics are com-alhl ei~tlation awu ainst real flight paths, pletely general with regard to weapon charac-

teristics. the effects of varying caliber, muzzle

b. Analhv'is of Real Tracking Data (Manual. IR. and velocity, and ballistics over a much wider range

Radar)i. To obtain inputs representing manual would be worth investigating. Gun, ammunition,
and target vulnerability inputs would be required

and radar tracking errors for the simulation, the from the Army. A particularly interesting topic
present study attempted to make realistic esti- would be the evaluation of a gun firing projec-
mates based on available information regarding tiles, possibly subcaliber, at muzzle velocities in
error magnitude, autocorrelation, lags, etc., and excess of 5000 ft/sec. The methodology devel-
the way that these attributes varied with range. oped is also applicable to the evaluation of small

angular velocity, etc. The result is an analytical caliber, low cost. 'proliferation' type antiaircraft

structure (or logical basis) for processing real weapons down to the man-portable size.
tracking data and expressing its characteristics in b. Analysis of Real Shock and Vibration Data. This

terms of' a small number of parameters so that it kind of data is now being collected by the Army
on the Vigilante in field experiments. The analy-

can he used in future simulator runs, or analyti- sis of the present report needs to be leviewed and
cal computations. It would be desirable to process reinterpreted in terms of this experimental data.
a representative body of real data with this objec- c. Evaluation of New Proposed Systems, or Upgrad-
tive. In addition, the unprocessed data could be ing of Present Systems. The Army will probably
run on the simulation as recorded, as another prefer to do this kind of evaluation in-house
increment of realism. The characteristics of IR because of the proprietary information involved.
and automatic optical trackers should also be However. additional supporting parametric
reviewed to determine how best to simulate them. studies in particular areas of interest, and modi-fications of the present simulation to match pro-

c. Analhsis of Detection and Acquisition Ranges and posed systems or system improvements can be
Times.,Only a cursory review could be made of provided.
the existing experimental data on the ranges at d. Use of Digitized Terrain Data in Computer. The
which targets can be detected, acquired, and present study indicated that terrain, as it affects
identilied visually, or by sensor, as a function of terrain-following aircraft might be representedtarge speed. range, weather, etc. Since the in the computer by a relatively small number ofI tpoints. This possibility deserves further study.
provision of a surveillance sensor on AFAADS is both with regard to its use in a prediction algo-
critically dependent on this operation. it requires rithm, and with regard to its use in assisting the
a more comprehensive study. radar in coping with multipath problems.
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APPENDIX A
DERIVATIVES OF TARGE" MOTION IN POLAR COORDINATES

The derivatives of target azimuth, elevation angle, The expressions are for a target flying level. Table
and range are frequently referred to in the text as well A-Il lists the derivatives of an elevation angle.
as used in computations. They are summarized here
for convenient reference. The expressions are taken The maximum values of the derivatives occur when
almost without change from Barton. in whose book the X -- 1.0. for a given value of X. More preciselN for i.
functions will he found plotted. They are all for con- while holding X. a constant and varying X; maxim.
stant target velocity. 6 is attained when sin or - X:. Next. maximizing over

Notation is !he same as that used in the present o. the absolute maximum of e is found to be-
report. . o0

Amax(X = 1oSt1nt = 0.25 X (A.3)
A.1.1 AZIMUTH

The derivatives are functions of the parameter X, where e 45 degrees

and the angle a where:
a 45 detrees. 135 degrece

X = vh, Rm (A.1)

and:
also Cm 54_7 degrees, where tal e X (A.4)

v. = horizontal component of target velocity

R. = minimum horizontal range For a target diving at -0.

Table A-i lists the derivatives of the azimuth angle,

A.1.2 ELEVATION (sil-- s 0 + cos 0 x os a sin- a I (A.5)

An additional parameter X is introduced: I +.X- sil-a
The derivatives of slant range are presented in TableX = H R H = target altitude (A.2) A-I.

Table A-I. Derivatives of Azimuth Angle

Anglc atN \Ilh'hl

Functional %laximum Value \lj.•.aluc i, A.ttjined
Quantit% I \prcsion -radiani. •,:) (dcgrce,

i in' a 90

S2, ,In4 
a14 o,2 a - I -2 ) 3  

90

"" 24
4 

.n
5 

a,:oac ,, 2 a 74.5 X' *2. i 0S

00A-8-boI
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Table A.-1. Derivatives of Elevation Angle

Azimuth aat
IMaximum Value"

Quanttl - unctional Expressi',n Maximum Value idegreesi

ke _0 38XX 55, 125 tX << IS+ X2 'In'du ±0.24N 48, 132rX = 1)

,XIX 0' 1l>4> I)

X2 *T3 2 hn a -X -n4 a),(<Kl-aIn 2 2X SO (X <- I I
I1 + X 2 in, a ) , _0 5 X2 C X = 1 )

-X AX 90 f X '>>• I)

X3X mn4acos16-6- 1sin'a-X2sin 2 ,•2 +lOsin 2
a+ 3X 2 

sin4a) 1.96l 3X 0. IfX< I)

(I +x2 'ý2 A)3
+0.71 X3 a7, 131X=

+0.8S Xv;X 63. 11 -, (X

006"8-302

Table A.-11. Derivatives of Slant Range

Angle at Which

Quantity Functional F[press.io Mtaxin-um N aiue MAN.co Min.Occurs

D *v os +v 0. 180 dcgrees

V2 sin3 aDm v2:Dm 90 degrees

•3v
3  

i0.86 -tan" 2.0
Dm Dm-

S4 (4 cos" P . 1) sin 12 4*3D- 2 - 90 degree,
Dm3 Dm3

00678-B03
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